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here is a growing body of literature that recognises the importance of vehicle vibration 
on seated occupant. Vibration transmitted to the seated human body from the 
excitation sources such as tyre-road interaction and vehicle powertrain path resides 
below 100 Hz. Previous studies have reported that exposure to vibration has considerable 
influences on human comfort, perception, and health. A number of researchers have also 
suggested that prolong exposure to vibration may give rise to fatigue sensation. Therefore, the 
issue of human response to vibration has received considerable critical attention. Following that, 
the ISO 2631-1 (1997) International Standard for human comfort has been developed. Although 
extensive research has been carried out on human body vibration and this international standard 
has been developed for human body comfort assessment, however, there is no equivalent 
standard for human drowsiness caused by vibration in ISO standard. Although few studies have 
investigated the association between vibration and drowsiness, the evidence for this relationship 
is inconclusive. 
 
T 
 Page xvii of 166 
 
LIST OF TABLES 
In recent years, vehicle crashes have become a major social safety problem. One of the most 
important factors contributing to the high fatalities was the reduction of the driver’s cognitive 
state in their perception, situational awareness, and vehicle control abilities while being drowsy.  
Several studies have shown that there is a possible link between sleep deprivation and 
psychomotor deficit that can cause an accident. However, none of these studies has considered 
vibration that can cause drowsiness. The influence of vibration on the seated occupant 
drowsiness was not well investigated. Although many studies have reported the effects of 
vibration on comfort of the seated human body, the effects of fatigue, and particularly 
drowsiness, are yet to be rigorously characterised. This is due to several factors: a) the use of 
“fatigue” as a general term that is poorly defined in the literature b) “fatigue” being multifactorial 
c) specific types of “fatigue” not having been well studied in the context of vibration. Hence, 
comprehensive studies undertaken includes the experiment design and drowsiness 
measurement method.  
First, study approach was to identify the existence of drowsiness caused by vibration from the 
measurement of brainwave activity. The significant decrease in beta activity and an increase in 
theta activity obtained from the brainwave measurement (electroencephalogram) suggested 
that the exposure to low-frequency vibration between 1 - 15 Hz may ultimately lead to a decrease 
in alertness level. Secondly, following the exposure to vibration, human performance was 
assessed by measuring the changes in reaction time (RT). Clinically significant results (p ≤ 0.001) 
were obtained using PVT test. A significant increase in a number of lapses (RT > 500ms) and a 
substantial increase in mean reaction time (12% in 0.2 ms-2  r.m.s and 27% in 0.4 ms-2 r.m.s) were 
the manifestation of drowsiness as the result of exposure to the only vibration. In addition, 
 Page xviii of 166 
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exposure to vibration significantly impacts the lane position performance or SDLP and steering 
angle variability while driving a vehicle. Finding shows a low transmitted vibration at 0.2 ms-2 
r.m.s increased SDLP by 11 % that is comparable to SDLP under the influence of alcohol (BAC 
0.05%). A significant increase of steering entropy index (Hp 0.30  Hp 0.52) for all the volunteers 
indicates the unpredictability and randomness of steering correction frequency as a result of 
drowsiness caused by vibration. 
As a summary, the significance of this research lies in its direct relevance to driver alertness and 
road safety as drowsiness in drivers is linked directly to traffic accidents.  The novel contribution 
of this project is characterising the role of vibration, which our findings have identified vibration 
as an important source of driver drowsiness. This project also quantifies the contribution of 
vibration to psychomotor fatigue in drivers. The obtained results have direct relevance to the 
development of detectors that measure and monitor such drowsiness-inducing vibration in 
vehicle design. It also can then provide data to predict the resulting level of drowsiness and have 
applications not only in car manufacturing, but also in aerospace industry, public transportation, 
and road safety organizations. This will complement the existing ISO 2631-1 (effects of vibration 
on comfort) to extend these guidelines in assessment and establishment of thresholds and safe 
limits for drowsiness-inducing vibration. 
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Chapter 1 
 
 
Chapter 1 
Research Introduction 
 
1.1 Background of Study 
river drowsiness (fatigue) is known to be directly related to road safety is a 
leading cause of death and injury of individuals [1].  A published report from the 
National Highway Traffic Safety Administration (NHTSA) estimates that 100,000 
of vehicle crashes are the direct result of driver drowsiness each year [2]. A recent study also 
demonstrated that driver drowsiness carried almost as much risk as alcohol ingestion [3]. 
Although drowsiness is believed to have an adverse effect on the human coordination, 
judgement, and reaction time while driving, however, drowsiness caused by exposure to 
vibration was not well investigated.  Many studies have reported the effects of vibration on 
the comfort of the seated human body [4]. However, the effects of fatigue and particularly 
drowsiness are yet to be rigorously characterised. This is due to several factors: a) the use of 
“fatigue” as a general term that is poorly defined in the literature b) “fatigue” being 
multifactorial c) specific types of “fatigue” not having been studied in the context of vibration.  
Two forms of fatigue are relevant in this context. One is muscle fatigue that has been 
investigated in terms of fatigue of spinal muscles that causing low back pain [5], [6].  
D 
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The other is mental or, more precisely, psychomotor fatigue that has not been adequately 
studied to date. Psychomotor fatigue is linked directly to driving errors, slow reflexes 
(psychomotor deficit) and road traffic accidents [7], [8]. There is a need to measure 
psychomotor deficits as a result of exposure to external vibration in the seated position. There 
is also necessary to characterise the specific type/s and duration of vibration that may cause 
psychometric deficits. Several studies suggest that fatigue caused by driving for extended 
periods acutely impairs driver alertness and performance and thereby compromises road 
safety. This fatigue is, at least in part, due to the vibration that is transmitted from the vehicle 
to the human body. There is evidence that vibration may affect neurological function. For 
instance, exposure to low-frequency vibration is known to modulate the excitability of 
(neurological) motor pathways that control the activity of the tibialis anterior muscle in the 
leg [9].  
Even though a few car manufacturers have begun to use fatigue/drowsiness detectors in their 
latest models, none of these detectors identifies the cause or the mechanism responsible for 
driver fatigue. Among the many mechanisms that can cause driver fatigue (including exposure 
to noise during driving, sleep deprivation or sleep apnea, alcohol consumption, etc.), vibration 
is the most constant, critical and controllable factor in vehicles. Therefore, we focus on this 
most likely contributor to driver fatigue that is of crucial importance to road safety, namely 
drowsiness that is induced by vehicle vibration. To achieve that end, a method that monitors 
specific drowsiness-inducing vibration parameters needs to be developed. Although, some 
drowsiness detection methods are already developed [10]–[12], there are no validated 
measurement methods for vibration-induced drowsiness at present. Hence, there is no 
guideline in ISO2631-1 (1997) International Standards [13], or its equivalent Australian 
Standards, AS 2670.1 (2001) [14], and British Standards, BS 6841 (1987) [15], to measure or 
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minimise the effects of vibration on driver alertness and improve road safety. In addition, no 
particular attempt has yet been made to rank the contributors to driver fatigue specifically in 
their order of importance. Data from this project will be crucial in the determination of the 
contribution of vehicle vibration to driver drowsiness (fatigue) and psychomotor deficits. 
Detailed characterization of these effects, will pave the way towards the development of 
industry standards (such as ISO) in vehicle design and human exposure to vibration, not only 
in car manufacturing, but also the aerospace industry, public transportation, and road safety 
organizations. 
 
1.2 Research Aim and Objectives 
Aim: This project aims to characterise the effects of vibration on seated human drowsiness. 
It will, therefore, develop a method for designing an experiment method to measure the 
psychomotor deficit caused by vibration. The data collected will be beneficial for vehicle 
designer to improve the occupant safety and comfort. 
Objectives: Characterisation the effects of vibration on drowsiness could enable prediction 
and prevention of driver drowsiness. The methods developed will generate significant new 
data on human psychomotor responses to vibration that are of critical importance to road 
safety.  
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Therefore, the Main Objectives of this project are:  
1. To identify if the vibration causes any statistically significant effects on human 
alertness level (psychomotor deficit). 
2. To identify the method that is appropriate to measure drowsiness-inducing 
vibration. 
3. To characterize and predict the influence of vibration types (i.e. random and 
harmonic) and vibration amplitudes on human drowsiness level. 
1.3 Thesis Outline 
The thesis has been organised in the following way and composed of eight themed chapters.  
Chapter 1: Research Introduction 
A background of human fatigue/drowsiness and relation to road traffic accidents are 
presented in this chapter. It also presents the aim and objectives of the research and an 
outline of the thesis structure and list of publications. 
Chapter 2: Literature Review 
A comprehensive literature review for this research regarding whole-body vibration and 
human fatigue/drowsiness are presented in this chapter. This chapter also discusses the 
available drowsiness assessment and detection methods and research gap for this study.   
Chapter 3: Measurement Equipment 
This chapter presents the experiment design and measurement equipment needed to carry 
out the experimental works.   
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Chapter 4: Effect of Vibration on Alertness level – Measured by Electroencephalogram (EEG)  
This chapter presents the experimental work to investigate the influence of vibration on the 
seated human alertness level by measuring the brainwave activity (EEG) of human participant. 
Details description of the experimental set-up and procedures, followed by the results and 
analysis are presented in this chapter. 
Chapter 5: Effect of Vibration on Seated Occupant Reaction Time 
This chapter presents the experimental work to investigate the effects of vehicle vibration on 
drowsiness level by measuring the human’s response time using Psychomotor Vigilance Test 
(PVT) device. Details description of the experimental set-up and procedures, followed by the 
results and analysis are presented in this chapter. 
Chapter 6: Effect of Different Vibration Amplitude level on Seated Occupant Reaction Time  
This chapter presents the experimental work to investigate the effects of different vibration 
amplitude levels on human drowsiness by measuring the human’s response time using 
Psychomotor Vigilance Test (PVT) device. Details description of the experimental set-up and 
procedures, followed by the results and analysis are presented in this chapter. 
Chapter 7: Effect of Vibration on Occupant Driving Performances: Measured by Driving 
Simulator 
This chapter presents the experimental work to investigate the effects of vibration on 
occupant driving performances under simulated driving condition. Details description of 
experimental set-up and procedures, followed by the results and analysis are presented in 
this chapter. 
 
 
 MOHD AMZAR AZIZAN | RMIT UNIVERSITY 11 
 
Research Introduction 
Chapter 8: Conclusion and Recommended Future Works 
Major findings, limitation of this research and recommended future works are discussed in 
this chapter.   
1.4 List of Publications 
1.4.1 Scholarly Journals 
1. Mohd Amzar Azizan, Mohammad Fard, Michael F. Azari (2014), Characterization of 
the effects of vibration on seated driver alertness, Non-linear Engineering-Modelling 
and Application Journal. (Published) 
2. Amzar, M., Fard, M., Azari, M., Benediktsdttir B, Arnardttir ES, Jazar, R., Maeda, S., 
(2015). Influence of vibration on seated occupant drowsiness, Industrial Health 
Journal. (Accepted for Publications).  
3. Amzar, M., Fard, M., Azari, M., Jazar, R., (2015). Effects of vibration on occupant 
driving performance under simulated driving conditions, Applied Ergonomics Journal. 
(Submitted).  
4. Ittianuwat, R., Fard, M., Amzar, M., Lo, L., (2015). Structural dynamic characterization 
of an occupied vehicle seat, International Journal of Vehicle Design. (Accepted for 
publications). 
1.4.2 Conference Proceedings 
1. Azizan, M. A. and Fard, M. (2013), Effects of vehicle seat dynamics on ride comfort 
assessment, (ICSV20th) Bangkok, Thailand 7-11 July  
2. Amzar, M., Fard, M., The influence of vibration on vehicle occupant fatigue. Inter-Noise 
Conference, Melbourne, Australia. 2014. 
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3. Amzar, M., Fard, M., The influence of vibration on seated human drowsiness. The 22nd 
Japan Conference on Human Response to Vibration (JCHRV2014), Okinawa, Japan. 
2014. 
4. Amzar, M., Fard, M., Characterization of the influences of vibration on seated human 
drowsiness. The 23rd Japan Conference on Human Response to Vibration (JCHRV2015), 
Hiroshima, Japan. 2015. 
5. Amzar, M., Fard, M., Characterization of the influences of vibration on seated human 
drowsiness measured by driving simulator software. The 3rd International Academic 
Conference of Postgraduate (IACPN2015), Nanjing, China. 2015  
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Chapter 2 
Literature Review 
 
he last two decades have seen growing trends towards better vehicle ride comfort. 
A considerable amount of literature has been published on the effect of vibration 
on ride comfort quality. However, the phenomenon of human drowsiness caused 
by vehicle vibration was not well investigated. There has been little quantitative analysis of 
drowsiness induced by vibration.  The issue has grown in importance in light of recent statistic 
that indicates drowsiness is one of major contributor that may lead to a road accident. 
Therefore, these researches focus on the investigation of the influence of vibrations on 
vehicle seated occupant drowsiness level.  A comprehensive literature review can be 
categorised into two categories, transmitted vibration to the human body according to ISO 
2631-1 (1997) International Standard [13], and studies of the effects of vibration on human 
drowsiness level.  
 
2.1 Ride Comfort 
There has been increasing demand for the manufacturer to produce a vehicle that is 
comfortable for the occupant. Following that, manufacturers are constantly seeking to 
improve vehicle comfort for occupant satisfaction. Many innovations have been developed 
T 
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to meet the customer demand. According to Griffin [4], comfort can be defined as a source 
of pleasure or satisfaction and so give a sense of well-being. Ride comfort means overall 
comfort and well-being of vehicle’s occupant when the vehicles travel. Studies into the human 
body ride comfort suggested that comfort is the lack of discomfort [16], [17]. 
The perception of comfort in vehicle consists of static and dynamic factors as well as 
subjective characteristics relating to individual passengers [18], [19]. In an investigation into 
comfort, Ebe et al. introduced the concept what knows as Ebe’s model [20]. The model is 
formed by the addition of the discomfort caused by static factors to the discomfort caused by 
dynamic factors. By drawing the concept of this model, Ebe et al. have been able to show that 
when there is no vibration, comfort is solely governed by its static properties. However, when 
the car is moving, the dynamic properties increase rapidly as vibration magnitude increases. 
Therefore, the total discomfort must consider both static and dynamic factors. The principal 
approach to further understanding ride on comfort is by categorising them into ‘static seating 
comfort’ and ‘dynamic ride comfort.' 
 
2.2 Static Seating Comfort 
Seats are often required to accommodate many different persons performing a variety of 
various activities. Two important criteria must be taken into consideration for better static 
sitting comfort, sitting posture and pressure distribution [21]–[23]. Firstly, a seat should place 
its occupant in a good position to undertake appropriate activities. This position should 
require the minimum of muscular effort for its maintenance such that muscular fatigue is 
minimized. The low muscular effort requires that the body be adequately supported by its 
contact with the seat, seatback, and floor. This support should maintain the body with a 
comfortable set of curves and angles. Secondly, most seats are cushioned to increase comfort 
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to the occupant. Cushion seat can decrease pressure concentration and soften the harsh 
vibration. A recent study has focused on pressure distribution to increase static seating 
comfort for a vehicle seat [24]–[26]. The study demonstrated that prolong sitting in one 
posture could gradually increase the static properties regardless of the vibration 
 
Figure 2.1: Seat pressure analysis for seat pan and seatback of vehicle’s seat. Red area indicates high 
concentrated of pressure distribution while blue area indicates low concentrated of pressure distribution [27]. 
 
2.3 Dynamic Ride Comfort 
Dynamic ride comfort involves the interaction of human body in contact with seat surface 
(seat cushion and seatback) when the vehicle is moving, and the vibration transmitted to the 
occupant. The studies into human vibration conclude that transmitted vibration defined in 
terms of acceleration (ms-2 r.m.s) to the human body is directly proportional to human 
discomfort. It is, therefore, necessary for the seat designer to ensure that seat does not 
amplify the undesirable vibration and provide better ride quality for the vehicle occupant. ISO 
2631-1 (1997) International Standard for vehicle ride comfort has provided the measurement 
guidelines and assessment criteria to evaluate the vibration transmissibility to human body 
[13]. These guidelines were used in this study to characterize the effect of vibration on human 
drowsiness level. 
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2.3.1 Whole-body Vibration (WBV) 
Vibration is defined as the oscillatory motion of an object [28]. It can be desirable and 
undesirable to the human body. Human vibration, in general, can be categorised into two: 
whole-body vibration (WBV) and local vibration [4]. Whole-body vibration is caused by the 
vibration of a surface supporting the body (e.g., sitting, standing or lying on a vibrating pan) 
see figure 2.2. Local vibration occurs when one or more limbs are in contact with a vibrating 
surface. Seated occupants that are exposed to whole-body vibration in the vehicle are also 
often simultaneously exposed to local vibration of the head (e.g. from a headrest), the hands 
(e.g. on a steering wheel), and the feet (e.g. on the floor).  The (dis)comfort feeling produced 
by the WBV mainly depends on the vibration magnitude, vibration frequency, direction and 
exposure time [29], [30]. 
ISO 2631-1 (1997) International Standard [13] defined an orthogonal coordinate system for 
the expression of the magnitudes of vibration occurring in a different direction. Vibration axes 
are defined relatively to the body and, therefore, move with the body. For example, the x-
axis is horizontal for a seated person but is vertical for a recumbent person. 
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Figure 2.2: Three different postures of whole-body vibration which are sitting position, standing position and 
recumbent position and their corresponding axes according to the current international standard [13]. 
In regards to human response to vibration, the magnitude of transmitted vibration to the 
human body is quantified by its acceleration (ms-2). ISO 2631-1 (1997) International Standard 
requires that the vibration magnitude is evaluated as an average value of the frequency-
weighted acceleration of the oscillatory motion, usually the route-mean-square value (r.m.s.). 
RMS value is a preferred method to assess and evaluate discomfort level when subjects are 
exposed to whole-body vibration.  Griffin in human vibration handbook [4] describe that the 
vibration magnitude of 0.1 ms-² r.m.s. will be easily noticed, magnitudes of approximately 1 
ms-² r.m.s. are usually a moderate level of discomfort and magnitudes of 10 ms-² r.m.s. are 
commonly dangerous. 
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The transmitted vibration and its effects on the human body are highly dependent on the 
frequency of vibration. According to ISO 2631-1 (1997) International Standard, the human 
sensitivity level to external vibration is between 0.5 and 100 Hz [13]. The frequency below 0.5 
Hz can induce motion sickness. Although Griffin [4] suggested that the dominant vibration 
that can cause discomfort to the seated occupant from the vehicle floor often occurs at 
frequency below 20 Hz, however, study by Fard et al. [31] showed that there is a significant 
amount of vibration discomfort when vehicle seat is resonating at a frequency above than 20 
Hz.  Another important finding from Lo et al. [32] also demonstrated that the vehicle seat is 
dynamically rigid at a frequency below 10 Hz. This finding is consistent with the study done 
by Fard et al. [31] to evaluate human discomfort. 
It has been suggested that the level of discomfort are independent of each vibration axis. 
Therefore, to account the degree of discomfort level on the human body, a method of 
frequency weighting was introduced. Frequency weightings provide an equal sensation of 
discomfort at a particular frequency. These weightings determine the values of vibration that 
need to be scaled up or down in order to weight its frequency sensitivity level with respect to 
the effects on human body comfort. These weighting function will generate the same 
discomfort effect on human at different vibration frequencies. 
Vibration transmissibility to the human body has been a great of interest and concern of many 
researchers [30], [33]–[35]. Since the 1960s, many attempts have been made to investigate 
the influence of vibrations on the human body. These studies have identified various vibration 
effects on the human body. It is important to note that, vibration transmission to seated 
occupant has an enormous influence on comfort, performance, and health [4]. Therefore, a 
comfortable ride is essential for a vehicle manufacturer to obtain passenger satisfaction.  
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2.3.2 Equivalent Comfort Contours 
The human body may perceive vibration differently. The transmitted vibration to human body 
dependent on the amplitude, orientation, location, and frequency content of the vibration 
excitation. Therefore, the effect of vibration may differ significantly from the seated human 
body, standing human body and recumbent human body. 
To determine the effects of vibration on different posture frequency and axis, ISO 2631-1 
(1997) International Standard has introduced the concept of ‘equivalent comfort contours 
[13]. Equivalent comfort contour provides the reference in which vibration discomfort 
changes with vibration frequency and axis. In another word, it shows transmitted vibration 
magnitude necessary to produce the similar effect of discomfort in regards to its frequency, 
axis, and posture. By drawing the concept of equivalent comfort contour, Griffin has been 
able to introduce the two principal approaches to evaluate human discomfort that is ‘absolute 
method’ and ‘relative method’ [4]. The absolute method that was traditionally used in early 
research require subjects to give discomfort judgement such as comfortable or 
uncomfortable to describe their sensation [24], [36], [37]. However, the inconsistencies in 
discomfort judgement among test subjects make it inconsistent method. Therefore, a broader 
perspective has been adopted to improve the consistency and repeatability of the method. 
Unlike absolute method, a relative method is based on a comparison between reference 
segment and test segment. The subject would make discomfort judgement in response to 
reference segment. Although some researcher argues the reliability of the relative method 
[38]–[40]. This method was found to be accurate to predict discomfort caused by vehicle’s 
seat dynamics at a frequency below 60 Hz [31]. 
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2.3.3 ISO 2631-1 (1997) International Standards 
Over the past decade, most research in human vibration has emphasised the importance to 
have a common standard and guidelines in this area. Therefore, in 1978, the first draft of 
international standard was released. The 1978 International standard’s edition was then 
revised and released in 1985. The concept of reduced comfort boundaries was introduced in 
this edition. It defines comfort threshold for the duration up to 24hrs in a different orientation 
(x, y, z-axis) and postures (standing, seating, recumbent). 
Due to lack of quantitative evidence, the reduced comfort boundaries was withdrawn from 
the revised version. ISO 2631-1 (1997) International Standards is a current international 
human vibration standard that provides guidelines and methods to evaluate discomfort 
produced by whole-body vibrations. It characterises in detail the vibration frequency and 
magnitude in regards to human sensitivity level. Although this current standard, does not 
consider the vibration exposure time, however, previous studies have shown that ISO 2631-1 
(1997) International Standards is sufficient to predict discomfort [31], [41], [42]. 
To have an accurate prediction of vibration transmissibility to the human body, ISO 2631-1 
(1997) International Standards introduced the concept of frequency weighting. The frequency 
weighting factor was introduced to provide and equal sensation of at each frequency. The 
value of vibration magnitude at each particular frequency will be adjusted to weight the effect 
of vibration according to human body sensitivity. Greater human sensitivity at particular 
frequencies will have higher frequency weighting and lesser human sensitivity at particular 
frequencies will have lower frequency weighting value.  
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Figure 2.3: Frequency weighting curves according to ISO 2631-1. Each curve represents x, y and z-axes [13]. 
 
Figure 2.3 shows the frequency weighting curves. The frequency weighting curves are applied 
to the respective axes and locations. According to ISO 2631-1 (1997) International standard, 
human sensitivity to external vibration is below 80 Hz. Three main weighting curves can be 
observed from the figure.  Weighting curves Wd is applied to the x-axis and y-axis at the seat 
supporting surface (seat cushion and seatback) while Wk is applied to the z-axis. Weighting 
curves Wf is applied to the motion sickness that has a frequency below than 1 Hz [38]. The 
total transmitted vibration is defined in weighted r.m.s acceleration value, aw  and the 
equation is shown below: 
1
22[ ( ) ]i iaw wa           [1]  
Where 
aw   : Frequency weighted acceleration 
iw   : Weighting factor 
ia   : Actual acceleration 
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To measure the weighted r.m.s. acceleration in all the three axes of vibration for seat 
supporting surfaces (seatback or seat cushion), the formula below is used.  
1
22 2 2 2 2 2( )v x y za k a wx k a wy k a wz           [2] 
Where the frequency weighted r.m.s acceleration value of all three axes is, 𝐾𝑥  is the 
multiplication factor of the x axis, wa x  is the weighted r.m.s. acceleration of the x  axis. The 
multiplication factors, assigned by the ISO 2631-1 International Standard, suggest the 
contributing influence or importance of a particular point and direction of vibration. For 
example, k = 0.8 for seatback X-axis direction vibration as compared to k = 0.5 for seat back 
Y-axis vibration. The total transmitted vibration to the human body is the total weighted r.m.s 
acceleration experienced by the occupant from seatback and seat cushion. It is derived from 
the equation below: 
1
22 2
1 2( )t v va a a           [3]  
2
1va  : Frequency weighted acceleration from seatback 
2
2va  : Frequency weighted acceleration from seat cushion 
 
 
 
 
 
 
 
 
Vibration 
Meter 
Figure 2.4: Setup of transmitted vibration measurement according to ISO 2631-1 (1997) International Standard 
[13]. Accelerometer pad was placed at the seat cushion and seatback interface and are connected to the 
vibration meter. 
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Figure 2.4 shows the typical setup to measure the transmitted vibration to the human body.  
According to ISO 2631-1 (1997) International Standard, a transducer called accelerometer pad 
is used to measure the transmitted vibration to the human body. Accelerometer pad must be 
placed on the seat supporting surfaces (seatback and seat pan) and be able to accommodate 
the human sitting on it. The accelerometer pad is made of synthetic rubber that is robust and 
comfortable for a human. Overall vibration total value can be determined from root-sum-of-
squares of the point vibration total values. Acceptable values of vibration magnitude on 
comfort depend on many factors and application. 
Table 2.1: The following table shows the approximate indication or likely reactions of vibration magnitude in 
transport vehicle according to ISO 2631-1 (1997) International Standard [13]. 
Frequency Weighted Acceleration Subjective Response 
Less than 0.315 ms-² Not uncomfortable 
0.315 ms-² to 0.630 ms-² A little uncomfortable 
0.5 ms-² to 1 ms-² Fairly uncomfortable 
0.8 ms-² to 1.6 ms-² Uncomfortable 
1.25 ms-² to 2.5 ms-² Very Uncomfortable 
Greater than 2.5 ms-² Extremely Uncomfortable 
 
 
 
 
2.4 Effects of Seat Structural Dynamics on Human Discomfort 
Although many studies have contributed much to the understanding and prediction of the 
subjective human body response to vibration, none of these studies has considered the 
structural dynamics of the seat system when occupied by a human body in their research. In 
other words, there is little knowledge to examine how the seated human body alters the 
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dynamic characteristics of seat structures and how resonances and mode shapes would 
contribute to ride comfort.  
A study by Fard and Lo et al. [31], [32] show that vehicle seat structures possess different 
resonance and modal properties at different frequencies (Figure 2.5). These mode shapes 
have different structural movements that differ greatly in frequency. Also, many researches 
on seat structures have observed major resonance and modal characteristics below 100 Hz 
[43]. As automotive seat structures are mainly exposed to vibration below 100 Hz from 
excitation sources such as the vehicle powertrain and the road surface, there will be an 
increase in seat vibration when the frequencies of the input vibration coincide with the seat 
structure resonant frequencies. 
 
 
 
 
 
 
 
 
 
To evaluate the effect of seat’s structural dynamics on occupant comfort, Fard et al.[31] has 
conducted a subjective assessment on seventeen volunteers. Paired comparison test 
between resonance ride segment (Fore-aft, Lateral, Twisting) and non-resonance ride 
(a) 
Occupied Seat 
 Fore-aft Vibration Mode 
(b) 
Occupied Seat 
 Lateral Vibration Mode 
(c) 
Occupied Seat 
 Twisting Vibration Mode 
Figure 2.5: Vehicle seat dynamics mode. First mode is fore-aft mode when the seat is moving in x-axis (a). 
Second mode is lateral mode when seat is moving in y-axis (b). Third mode is twisting mode when seat is 
moving around z-axis (c) [170]. 
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segment have been carried out. Total frequency weighted r.m.s. acceleration value was kept 
constant at a value of 0.2 ms-2 . 
For the test, volunteers were asked to compare different ride segments in a ride comfort 
survey. Five frequency bands were used which comprise ‘2 non-resonance’ and ‘3 resonance 
frequencies’.  Note that the vibration is not transmitted directly to the hands and legs of the 
volunteers but only to the torso and lower body of the volunteer. 
During the test, volunteers were asked to make a comparison for different ride segments 
when the seat structure was excited at the respective lateral, fore-aft, and twisting resonant 
frequencies with the seat at non-resonating frequencies. A total of seven unique ride 
sequences were developed for the experiment. Each ride sequence has two ride segments 
which were standard ride segment and test ride segment. Standard ride segment served as a 
reference ride and was given the fixed value of 100. Volunteers would make the comparison 
between the standard ride and test ride by giving their score. The total vibration value 
transmitted to the seated occupant was kept at a value of 0.2 ms -2. The standard ride segment 
was first presented to the volunteer followed by the test ride segment; this was done twice. 
Each segment is about 30-seconds with a 10-second rest between each segment. Once the 
standard ride segment and the test segments were presented to the volunteers twice, the 
volunteer was asked to give a score for the test ride segment that was presented to him as 
compared to the standard ride segment. The scores will range from a value of 1 to 200, in 
which 200 represents twice the discomfort compared to standard ride and 50, half that of the 
standard ride.  
The results obtained showed a significant difference between the resonance and non-
resonance ride segments especially at twisting mode suggested by the ride comfort survey. 
This indicates that the seat structural twisting mode shape had an adverse effect on the 
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human body even when the magnitude of the transmitted vibration to the seated human 
body was kept constant. 
The results of a subjective assessment from the volunteers also provided evidence that the 
dynamic characteristic of the seat structure has considerable influences on human discomfort 
level. Comprehensive ride comfort survey and experiment have been carried out in order to 
assess the effects of seat structural dynamic on the human occupant.  From this subjective 
survey, the result shows that the twisting mode has a higher level of discomfort perceived by 
volunteers even when the measured vibration magnitude was kept constant according to ISO 
2631-1. Fard et al. [31] concluded that the current method of ride comfort measurement may 
need some improvement to quantify precisely and predict the ride comfort ratings for all seat 
dynamics characteristic. Future studies are required to establish a new measurement for 
comfort with regards to structural dynamics of the seat. 
 
2.5 Vehicle Occupant Fatigue 
In recent years, there has been an increasing interest in vehicle fatigue. Fatigue is known to 
have a significant implication on vehicle and road safety. A statistic from NTHSA clearly 
indicates that fatigue or tiredness is one of the major contributors to a traffic accident. To 
date, a number of researchers have reported about the adverse effects of vibration on the 
human body and discomfort [4], [30], [39]. Several reports also established the influence of 
vibration on people’s working efficiency, health and safety [40]. Following these research, an 
ISO International Standard for human body vibration has been developed [13]. Although this 
International Standard has been developed for the assessment of human body discomfort 
that is called ‘Equivalent Comfort Contour,' however, there is little comprehensive knowledge 
of how vibration causes fatigue. 
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In many studies, the relationship between vibration magnitude and vibration frequencies of 
vehicle occupant and fatigue have been established with insufficient data and only based on 
anecdotal evidence. This is because the study of fatigue as it relates to vibration is complex. 
Fatigue and vibration have been investigated from the different respective field. However, 
recent researches have identified a possible relation between fatigue and vibration that is 
typical vibration frequencies experienced by the vehicle occupant. These findings could form 
the fundamental of further research in this area.  
A considerable amount of literature has been published about the influence of whole-body 
vibration on the human body. The long-term effect of vibration on human spine and lower 
back have been well researching and documented [24], [44], [45]. Although extensive 
research has been carried out to characterise physical fatigue, however, the determination of 
drowsiness or mental fatigue caused by vibration is still technically challenging. To date, few 
studies have been able to draw on any systematic research into the characterization of 
vibration on human drowsiness level.  
The following evidences  summarise the findings of the literature review: 
a) Previously published study by Satou et al. [46], [47] showed that there is a 
possible relationship between exposure to vibration and wakefulness level. 
Exposure to low-frequency vibration (3 Hz) was found to have a significant effect 
on alertness level that can lead to fatigue. However, very little is known about 
the effect of vibration at a higher frequency (> 10 Hz).  
b) Research on periodic (Sinusoidal) and non-periodic vibration (Random) was 
investigated by Landstrom et al. [48]. Effect of vibration was found to be more 
pronounced in sinusoidal vibration compared to random vibration.  
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c) Some evidence suggests that exposure to vibration may have an adverse effect 
on body metabolism and chemistry that could lead to fatigue. A study by Kato 
et al. [49] demonstrated that there was some correlation between secretory 
immunoglobulin A s-IgA in saliva and some subjective indices, but there were 
substantial differences between individual. 
Although there are several research available, the characterization between vibration 
parameters (amplitude, frequency, duration) and fatigue has not been well investigated to 
any great extent. It is because fatigue is a complex phenomenon and difficult to quantify [50]–
[52]. The literature is not especially useful in defining the term fatigue due to lack agreed 
definition. In the early introduction to the fatigue, Lal et al. [76] defined “fatigue as a state 
marked by reduced efficiency and general unwillingness to work”. Later,  Brown [54] in a 
review of driver fatigue defined “fatigue as a subjectively experienced disinclination to 
continue performing the task at hand”. On the contrary, Jiao et al. [55] defined fatigue as an 
impairment of human efficiency.  
Driver fatigue has received increasing attention in the road safety field. It is believed to be a 
major problem in the transportation industry and direct or contributing cause of many 
accidents, accounting for some 20–30% of all road accidents [56]. It is well reported that 100, 
000 of vehicle crashes and 1,500 deaths each year are a direct result of driver fatigue [57]. 
The statistical data from  German Road Safety Council (DVR) claims that one in four highway 
traffic fatalities are a result of driver fatigue [58]. Therefore, it is proven that fatigue is a threat 
to the safety. However, there is no regulation or standard precisely to define and predict the 
vibration causes fatigue. The influence of vibration on fatigue was underestimated and not 
well investigated. 
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According to literature, drivers may experience fatigue because of the length of the journey, 
monotonous driving situations, the time of day [59]–[61], irregular work hours [62], and high 
demands to meet delivery schedules[63], [64]. However, none of these studies has 
considered the vibration as one of the main contributors to fatigue. Inadequate research 
available on vibration causes fatigue was because fatigue is a complex phenomenon. On the 
other hand, extensive research on the influence of vibration on ride comfort has been 
investigated well. It is well reported in the literature that vibration has considerable influences 
on human ride comfort criteria [65]–[70]. Following that research, ISO 2631-1 (1997) 
International Standard for human body discomfort has been established. However, there is 
no standard to quantify vibration causes fatigue. Therefore, further scientific research on 
vibration causes fatigue is necessary to create a correlation between vibration and fatigue. 
For a better understanding and clearer picture of fatigue phenomenon, fatigue is classified 
into two categories; physical and mental fatigue. 
2.5.1. Physical Fatigue 
Physical fatigue is a painful phenomenon and has been associated with muscle fatigue. The 
contraction and expansion of muscle repeatedly due to heavy workload can cause overstress 
muscle and lead to physical pain. Several reports from helicopter pilots and truck drivers 
showed that prolonged exposure to vibration from the harsh working environment can cause 
severe back pain and effect the central nerves system [6], [71], [72]. Several studies also 
suggested that improper sitting posture of the occupant will cause uneven pressure 
distribution to the seat cushion and cause fatigue to the occupant [53]. 
2.5.2. Mental Fatigue and Drowsiness 
Another category of fatigue is mental fatigue. Mental fatigue is always associated with the 
drowsiness or alertness level of human. According to Boksem et al.  [73] “mental fatigue is a 
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psychobiological state caused by prolonged periods of demanding cognitive activity and 
characterized by subjective feelings of tiredness and lack of energy". Mental fatigue is also a 
diffuse sensation of weariness [53]. There are many factors that could attribute to mental 
fatigue such as lack of nutrition, physical health environment, and poor of physical activity 
[74]. However, mental fatigue caused by whole-body vibration is not well investigated [75]. 
Another important concept in the description of the occupant mental fatigue during car 
driving is drowsiness. The word drowsiness sometimes is confused with the word sleepiness. 
According to Lal et al. [76] drowsiness can be characterised as a transitory period between 
awake and sleep.  
Several studies on driver drowsiness acknowledged that drowsiness as one of the leading 
causes of road accidents and can lead to severe physical injuries, deaths and significant 
economic losses [61], [77]–[79]. Statistics from  NHTSA [57] showed that drowsiness is one of 
the contributors to major road accidents. In 2002, the NHTSA conducted a survey of more 
than 4,000 people. Thirty-seven percent of people reported falling asleep or nodding off at 
least once while driving. These statistics represents 4 percent of driving population [80]. 
Drowsy driving always goes unreported because it is difficult to detect drowsiness unless the 
driver admits that falling asleep.  
In a study which set out to determine the influences of exposure to vibration on the 
wakefulness level, Landstrom et al. exposed the volunteers to a low frequency sinusoidal and 
random vibration in the vertical direction at 0.3 ms-2 r.m.s. A significant increase in alpha and 
decrease in beta activity were observed indicating a decrease in wakefulness level following 
exposure to vibration. However, the effect is more pronounced in sinusoidal vibration than 
random vibration [81]. A similar study carried out by Landstrom et al. on helicopter pilot 
demonstrated that changes in wakefulness level are reflected by the changes in the electrical 
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potential in the cortex. A reduction in wakefulness level is reflected by an increase of alpha 
activity and a decrease of heart activity [48]. The findings observed in this study also mirror 
those of the previous studies carried out by Satou et al. that have examined the effect of 
short-term exposure to whole-body vibration in human [48] [49]. Although no significant 
difference was observed in subjective wakefulness level using Karolinska Sleepiness Scale KSS, 
regardless with or without exposure to vibration, a significant decrease of wakefulness level 
was detected in objective wakefulness level during vibration exposure.  
2.5.3 Objective Drowsiness Detection Method 
2.5.3.1 Electroencephalogram (EEG) method 
Various methods have been proposed in the past to assess human drowsiness and 
performance, such as measuring brainwave activity using electroencephalography (EEG) [76], 
[82]–[84]. EEG is the recording of electrical activity along the scalp. EEG measures the 
potential differences resulting from the ionic flows within the neuron of the brain. According 
to several researchers, EEG can be regarded as a gold indicator for human brain analysis and 
widely used especially in medical and neuroscience area. EEG also is a promising 
neurophysiological indicator of driver fatigue and has a potential to be used in fatigue 
countermeasure device [78]. The brainwave activities are classified according to their rhythm 
and frequency range, which are Beta (14 – 20 Hz), Alpha (8 – 13), Theta (4 – 7) and Delta (0.5 
– 4 Hz) [4]. Beta wave is associated with the state of increased alertness, excitement and 
arousal whereas theta wave is associated with the state of drowsiness [85]. Moreover, Alpha 
wave is associated with the relaxed condition but conscious, and Delta wave is related to deep 
sleep condition [86]. EEG method has the ability to measure changes in brainwave power 
spectrum. To better understand the mechanism of brainwave activity, Borghinni et al. and 
Purtilla et al. analysed the relationship between alertness level and brainwave. In their 
 MOHD AMZAR AZIZAN | RMIT UNIVERSITY 32 
 
Literature Review 
analysis, they have shown that decreasing in beta activity and increasing in theta activity may 
link to a decrease in alertness level [7], [87]. This finding is supported by Townsend et al. who 
writes that deteriorations in performance during fatigue have been associated with increased 
theta waves and changes in alpha intensity [88]. Similarly, the study of continuous activity at 
night have shown significant changes of theta and alpha activity [89]. 
Although EEG method has been widely used in medical research, however, the application of 
EEG for vibration induced drowsiness has not been well investigated. In addition, the 
implementation of EEG in the real environment is still challenging. Brainwave activity signals 
measured by the electrode on the human scalp can be easily distorted by movement artefacts 
such as muscle activity and eye movement [90]. Although the placement of EEG electrodes 
may be uncomfortable for some human volunteers, however, the measured EEG signal from 
the brainwave activity may provide the significant knowledge about the mechanism of the 
human sleep-wake cycle  [76], [91], [92].  
2.5.3.2 Psychomotor-Vigilance Test (PVT) 
Drowsiness may result in performance decrements, increased reaction time and can cause an 
error. The slower response may lead to misjudgement and subsequently, lead to an accident. 
Therefore, the second method to assess human drowsiness was a measurement of human 
reaction time using Psychomotor Vigilance Test (PVT). PVT is simply a reaction time test that 
measured sustained attention of a human. The subject is required to make a keyboard 
response when the visual stimuli appear. A response time faster than 100 ms is considered as 
an anticipation or error of commission. It is due to the subject makes a response before the 
visual stimuli.  A response time longer than 500 ms can be considered as lapse or error of 
omission when the subject failed to response within the prescribed time [93], [94]. The 
relationship between alertness level and changes in reaction time has been widely 
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investigated [95], [96]. Slower reaction time detected by PVT may be linked to a decrease in 
alertness level [97], [98]. A recent study by Basner et al. demonstrated that 10-minutes PVT 
test was able to detect the drowsiness effect [94]. Previous studies have also reported that 
PVT is reliable, practical, extensively characterised and has a high degree of sensitivity to 
changes in alertness [94]. In addition, PVT displays minimal learning effects and has high effect 
size that makes it an ideal research instrument [93], [94].  Although PVT  has been widely used 
by sleep expert to assess sleep deprivation and sleep disorder and can be regarded as one of 
the best drowsiness detector [99], however, less systematic study available about the 
relationship between drowsiness induced by vibration and reaction time measured PVT.   
2.5.3.3 Heart Rate Variability 
In recent years, there has been an increasing amount of literature on human’s physiological 
response and alertness level. Several attempts have been made to investigate the relation 
between heart rate variability and changes in alertness level [100]–[102]. Heart rate 
variability is the variation of the time interval between heartbeats.  Measurement of heart 
rate variability has shown to be a good indicator of human drowsiness. Research showed that 
the HRV signals vary significantly during the alertness and drowsiness states of the driver 
[103]. The parasympathetic and sympathetic nervous system are the two main division of the 
autonomic nervous system (ANS) and are indicated by HRV [104]. Sympathetic nervous 
systems generate action and prepare the body response such as increasing the heart rate and 
muscle activity. Whereas parasympathetic nervous systems control the body response and 
prepare the body to rest such as decrease the heart rate and reduce the muscle activity.  HRV 
components also include the very low frequency (VLF), low frequency (LF) and high frequency 
(HF), spectral bands. The value of the VLF spectral power reflects the long-term regulatory 
mechanism. The LF spectral power illustrates the sympathetic activity and HF frequency show 
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the parasympathetic activity. The ratio LF/HF ratio is an indication of sympathetic-
parasympathetic balance. Decreased parasympathetic activity or increased sympathetic 
activity will result in reduced HRV. Reduced in HRV has been linked to impaired alertness of 
human [12], [101], [105].  
       
 
 
 
 
 
Figure 2.6: Figure shows a device called sleep buster that was developed by Deltatooling Co. Japan [106]. Sleep 
Buster consists of two electrodes that are placed on seat backrest to measure heart rate variability and aortic 
pulse wave [107]. 
2.5.3.4 Standard Deviation of Lateral Position (SDLP) 
A considerable amount of literature has been published on the performance of vehicle driver 
under drowsiness condition. Previous studies have suggested that drowsiness caused by 
driving for extended periods acutely impairs driver alertness and performance and thereby 
compromises road safety [51], [76]. Ting et al. investigated the effect of long duration of 
driving on motorways or major roadways [52]. The analytical results from his study revealed 
that reaction times (RTs) and deviation from lane position (SDLP) significantly increased over 
time, indicating that excessive driving time is a significant fatigue factor and potential cause 
of fatigue-related accidents. 
Although there are several indexes to quantify drowsy driver such as time to lane crossing 
[108], speed deviation [109], braking reaction time [110], lane position variability is the most 
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stable index [111]. Maintaining lateral control within the correct driving lane is a critical aspect 
for safe driving. According to several prior investigations on drowsiness and vehicle control, 
there is a close relationship between drowsiness and lane keeping performance of the driver 
[111], [112]. Drowsy driver found it harder to maintain the car in the center. When there is 
no distraction, drivers are able to maintain on the straight line.  
Deviation from the centerline will occur when drivers get distracted. Lane position variability 
index is used to measure the lane keeping performance of the driver. Lane position variability 
is calculated as a standard deviation of the average lateral position (SDLP). In an investigation 
into SDLP, Verster et al. found out that deviation becomes greater as a driver get drowsier 
and also corresponds to the amount of weaving in the car [111]. These findings are supported 
by Ramaekers et al. who writes that the increment in lane position variability may ultimately 
result in the lane crossing into the road shoulder and adjacent traffic lane [113]. Although the 
effect of driving performance under alcohol influence has been well investigated [111], [113], 
[114], however, the effect of vibration on driving, specifically on lane keeping performance 
are yet to discovered. It is therefore equally important to investigate the lane keeping 
performance of driver under vibration condition.    
 
 
 
 
 
Figure 2.7: Lane position variability is calculated as a standard deviation from the vehicle centerline to the center 
of lane position. 
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2.5.3.5 Steering Entropy 
Driving a vehicle is a complex task that requires a high degree of concentration. The ability to 
judge the vehicle and awareness of the surroundings are the fundamental of safe driving. Any 
forms of distractions may cause catastrophic consequences such as a fatal accident. 
Therefore, it is important to have an accurate alertness prediction metrics that reflex the 
actual state of vehicle and driver. While driving a vehicle, driver continuously assesses the 
situation ahead by employing smooth and predictable steering correction.  
However, when getting distracted, the driver could not monitor the environment effectively 
and starting to employ a rough and unpredictable steering control. A broader perspective has 
been adopted by Boer et al. to measure and predict the behavior of driver while a driving a 
vehicle.  A method developed by Boer et al. [112], [115] called steering entropy was 
introduced to quantify the randomness of steering correction behavior. High entropy index 
will indicate the unpredictability of steering correction that might result from reduced or 
diverted attention. Steering entropy uses the last three preceding steering angle data points 
to calculate the predicted steering angle.  Several studies have shown that steering entropy 
is an accurate prediction metric to evaluate driving behavior performance [116], [117].  
 
Figure 2.8: Figure shows three preceding data points that were averaged over 150 ms to calculate the predicted 
steering angle [112]. 
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2.5.4 Subjective Drowsiness Detection Method 
2.5.4.1 Epworth Sleepiness Scale 
Epworth Sleepiness Scale (ESS) is a self-administrated questionnaire that was commonly used 
by sleep researcher and drowsiness expert [118], [119]. It was developed by Dr. Murray Johns 
to measure a person’s daytime sleepiness [120]. The ESS requires the subjects to rate on a 
scale of 0 to 3 of their usual chance of dozing in 8 different situations (as shown in Table 2.2) 
with 0 = would never doze, 1 = slight chance of dozing, 2 =, moderate chance of dozing, 3 = 
high chance of dozing. A score less than 10 indicates that the subject has a sufficient sleep. A 
score more than 10 indicates that subject may be suffering from excessive daytime sleepiness 
and require immediate treatment [120]. 
Table 2.2: Eight different situations in ESS with a scale ranging from 0 to 3. 0 indicates ‘would never doze’, 1 
indicates ‘slight chance of dozing’, 2 indicates ‘moderate chance of dozing’ and 3 indicates ‘high chance of 
dozing’ [120]. 
 
Situation                               Chance of Dozing (0-3) 
Sitting and reading  
Watching TV  
Sitting, inactive in a public place (e.g. a theatre or a meeting)  
As a passenger in a car for an hour without break  
Lying down to rest in the afternoon   
Sitting and talking to someone  
Sitting quietly after lunch without alcohol  
In a car, while stopped for a few minutes in the traffic  
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2.5.4.2 Karolinska Sleepiness Scale 
Karolinska Sleepiness Scale (KSS) is a self-reported and subjective assessment of sleepiness 
that measure changes in sleepiness level at the time [121]. It is a 9-point Likert scale varied 
from 1 = extremely alert, 2 = very alert, 3 = alert, 4 = rather alert, 5 = neither alert nor sleepy, 
6 = some sign of sleepiness, 7 = sleepy, but no effort to stay awake, 8 = sleepy, some effort to 
stay awake, 9 = very sleepy, great effort to stay awake. KSS has been widely used as a 
prediction tool particularly to measure the changes over time of sleepiness/drowsiness level 
[122]. Lower KSS scores (< 5) may indicate a difference state of alertness level. Higher KSS 
scores (> 7) may refer to the state of drowsiness where subjects may experience involuntary 
dozing behaviour and frequent lapse episodes. 
Table 2.3: Table shows nine scales of  KSS level that indicates sleepiness level at the time. A score of 1 indicates 
‘extremely alert’ and a score of 9 indicates ‘very sleepy’ [121]. 
 
Karolinska Sleepiness Scale 
 
   1 = Extremely alert 
 
   2 = Very alert 
 
   3 = Alert 
 
   4 = Rather alert 
 
   5 = Neither alert nor sleepy 
 
   6 = some signs of sleepiness 
 
   7 = Sleepy, no effort to stay awake 
 
   8 = Sleepy some effort to stay awake 
 
   9 = Very sleepy, great effort to stay awake, fighting sleep 
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2.5.4.3 Stanford Sleepiness Scale 
Stanford Sleepiness Scale (SSS) is a self-rating and Likert scale that is used to quantify the 
progressive steps in sleepiness. It has different descriptors ranging from 1 to 7 with 1 = feeling 
active and 7 = almost in reverie [123]. Subjects are required to give the most accurate 
judgement based on SSS statement that reflex alertness level at the time. SSS also has been 
widely used by sleep experts to measure and assess the effects of sleep deprivation [124], 
sleep fragmentation [125] and circadian rhythm [126].  
Table 2.4: Seven descriptors of Stanford Sleepiness Scale wth the score of 1 indicates ‘feeling active, and a score 
of 7 indicates ‘almost in reverie’[123]. 
 
Stanford Sleepiness Scale 
 1 = Feeling active, vital alert, wide awake 
  2 = Functioning at high level but not at peak, able to concentrate 
  3 = Relaxed, awake but not fully alert, responsive 
  4 = a little foggy, let down 
  5 = Foggy, beginning to lose track, difficulty staying awake 
  6 = Sleepy, prefer to lie down, woozy 
  7 = Almost in reverie, cannot stay awake, sleep onset appears imminent 
2.5.4.4 Visual Analogue Scales 
Visual Analogue Scales (VAS) is a subjective measure that describes psychometric responses 
that cannot be directly measured. It is a horizontal line 100 mm with a word at each ends 
representing two extremes, for example, “very sleepy” and very alert” [127]. Subjects are 
required to put a mark on the horizontal line that represents his current state. VAS score is 
calculated as a distance between subject’s mark and the other end of the line. Therefore, the 
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selection of words is important to define clearly the current attitude. Previous studies have 
shown that VAS is perhaps better that SSS [127]. 
2.5.4.5 Multiple Sleep Latency Test 
Multiple sleep latency test (MSLT) is a standard sleep disorder diagnostic tool [128].  MSLT 
measures excessive daytime sleepiness by measuring the tendency for the subject to fall 
asleep in a quite environment during the day or also known as sleep latency [129]. Previous 
data have shown that MSLT is a valid tool to diagnose narcolepsy and idiopathic hypersomnia. 
The test was conducted in a dark and quite laboratory and consist of five scheduled naps 
separated by two-hour breaks. During each nap session, subjects are required to go to bed 
and try to go to sleep when the lights go off. The time taken for the subject to actually fall 
asleep will be recorded. Failure to sleep within 20-minutes will result at the end of nap trial.  
Table 2.5: Table shows MSLT scores. Sleep latency less than 5-minutes indicates severe excessive daytime 
sleepiness while sleep latency more than 15-minutes indicates excellent sleeping condition [130]. 
 
 
 
 
 
 
 
 
 
MSLT Scores 
Minutes Sleepiness 
0–5 Severe 
5–10 Troublesome 
10–15 Manageable 
15–20 Excellent 
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2.5.4.6 Maintenance Wakefulness Test 
Similar to Multiple sleep latency Test (MSLT), Maintenance of Wakefulness Test (MWT) is also 
an objective sleepiness measurement method. MWT is conducted in a controlled laboratory 
[131]. In this test, subjects are required to stay awake with their back and head partially 
supported by pillows rather than fall asleep during four periods of 40 minutes [132].       Several 
studies have shown that MWT is a reliable method to evaluate alertness level, and the 
obtained data has been validated [133]. 
 
 
2.6 Research Gaps 
Even though a few car manufacturers have begun to use fatigue/drowsiness detectors in their 
latest models, none of these detectors identifies the cause or the mechanism responsible for 
driver drowsiness. Therefore,  driver drowsiness caused by vibration is still challenging for 
researchers [75]. Although, previous studies have demonstrated that there is a possible link 
between low-frequency vibration and drowsiness level that can deteriorate the performance 
of vehicle driver [46], [75], however, detail characterisation of vibration parameters on 
human drowsiness level have not yet been determined. As mentioned earlier, factors that 
determine the transmitted vibration to the human body are the vibration frequency, vibration 
intensity, vibration direction, and vibration exposure time.  
The relationship between vibration frequencies and the resonance frequencies of the human 
body have been reported in digestive organs (4-5 Hz) and the spinal cord (3-5 Hz) [134]. Some 
studies have suggested that a decrease in the alertness level of truck drivers due to fatigue 
caused by their work environment, and it is demonstrated that physical stimulation of 
vibration may attribute to the adverse effect of central nervous system [63], [72], [75]. 
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Overall, there seems to be some evidence to indicate the possible link between exposure to 
vibration and human drowsiness level. There is, therefore, a definite need to investigate the 
influence of vibration on human drowsiness level particularly on vehicle occupant.  
The author concludes that there are gaps in literature reviews regarding the relationship 
between vibration and drowsiness. 
 1. There are at present, little comprehensive knowledge on vibration-induced 
 drowsiness. There is little quantitative evidence to show a direct relation between 
 vibration parameters and psychomotor deficit. 
 2. There are no validated measurement methods for vibration-induced drowsiness at 
 present. Hence, there is no guideline in ISO 2631-1 (1997), or its equivalent Australian 
 Standards, AS 2670.1 (2001), and British Standards, BS 6841 (1987), to measure or 
 minimise the effects of vibration on driver alertness and improve road safety. 
 3. Although drowsiness detection device is available in some latest vehicles  none of 
 these detectors identifies the cause or the mechanism responsible for driver 
 drowsiness. 
Obtained results can then provide data to predict the resulting level of drowsiness and have 
applications not only in car manufacturing, but also the aerospace industry, public 
transportation, and road safety organizations. Collectively, these studies will outline a critical 
role of vibration. The evidence presented in this section suggest that there is a need to 
quantify the vibration-inducing drowsiness. Overall, these will complement the existing ISO 
2631-1 (effects of vibration on comfort) to extend these guidelines in assessment and 
establishment of thresholds and safe limits for drowsiness-inducing vibration. 
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Chapter 3 
Measurement Equipment 
3.1 Introduction 
he uses of qualitative assessment is a well-establish approach in the field of human 
body discomfort. To date, various qualitative methods have been developed and 
introduced to measure and evaluate the effect of human response to vibration. 
The sensitivity of the human response to vibration and method to measure vibration 
transmissibility have been well demonstrated in the  ISO 2631-1 (1997) International Standard 
[13]. According to ISO International Standard, transmitted vibration to human body should be 
measured at the interface between the human body and the seat, at either the seat cushion 
or the backrest.  
Although, vehicle manufacturer has begun to develop and used drowsiness detection method 
in their latest vehicle model, however, none of this method can accurately predict and 
measure drowsiness caused by vibration. The formulation of drowsiness in the vehicle is 
multifactorial and complex. Therefore, identification and quantification the source of 
drowsiness are critically important.  
T 
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As mentioned in the previous chapter, drowsiness is an intermediate state between alert 
wakefulness and sleep. It is also a transitory period. According to literature, drowsiness has 
been shown to have an adverse effect on human psychomotor response and motor skill 
performance.  
The aim of this study is to investigate whether vibration has an effect on human drowsiness 
level and how we can measure it. This study has been carefully designed and involved various 
experiment methods for measuring drowsiness that is induced by vibration and human body’s 
physiological responses, as well as generating a body of quality data. The project outline is 
described below:  
 
Figure 3.1: Flow chart is representing the drowsiness measurement methods.  
 
3.1.1 Experiment Design 
The human vibration experiment setup in this project was designed in accordance with the  
ISO 2631-1 (1997)  human body vibration standard [13]. The reason for this is that alignment 
of the experiments with this standard will facilitate the translation of this research into the 
development of a new ISO related standard for drowsiness-inducing vibration. For instance, 
the transmission of vibration into the seated human body will be measured at human-
Drowsiness 
Measurement
Study 1 
Electroencephalogram 
(EEG)
Study 2              
Psychomotor 
Vigilance Test (PVT)
Study 3
Driving Behavior 
Performance - Entropy
Study 4
Karolinska Sleepiness 
Scale (KSS)
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seatback and human-seat pan interfaces as specified in the ISO 2631-1 (1997) International 
Standard [13]. The vibration table rigid mode was designed to be as lower as possible by 
mounting the table on the air cushion. In another word, the vibration table was dynamically 
rigid.  As this research concerned with the frequency between 1- 80 Hz, the resonant 
frequency of the table was also away from the natural frequencies of the vehicle seat. The 
input vibrations were designed with narrow frequency bands and with different vibration 
levels, exposure times, and vibration types (harmonic and random).  
 
Figure 3.2: Actual test setup and schematic diagram of the vibration table. An actual vehicle seat was mounted 
on the vibration table. Air mountings were used to cancel the rigid mass. The hydraulic actuator provides the 
excitation force for vibration table [31]. 
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3.1.2 Drowsiness Measurement 
According to the literature, there are several methods for measuring drowsiness or 
psychomotor deficit. In this research, the following methods will be used for measurement 
and characterisation of drowsiness:  
(a) Brain Activity Measurement or Electroencephalogram (EEG) 
(b) Psychomotor-Vigilance Test (PVT) 
(c) Driving Behaviour Performance 
(d) Karolinska Sleepiness Scale (KSS) 
The selection of drowsiness measurement methods above have taken into consideration 
several key factors that may interfere with the quality of the results. According to literature, 
PVT is one of the most valid and reliable methods to predict drowsiness in sleep-deprivation 
and performance research [93], [94], [135].  
The PVT requires a response to a visual stimulus by pressing a button as soon as a stimulus 
appears. Sleep deprivation and drowsiness result in an increase in reaction time (RT), a 
decrease in response speed (1/RT), and an increase in lapses (RT > 500 ms). Karolinska 
Sleepiness Scale (KSS) is a thoroughly validated self-reported measure of sleepiness [122], 
[136]. Another measurement that will be done in this research is termed ‘Steering Entropy’ 
[112], [115], Steering entropy is related to the smoothness of the driver’s control of the 
steering wheel movements. In other words, steering entropy is a measure of the 
consistency/randomness of the steering angle computed by using a series of previous steering 
wheel angles to calculate a subsequent steering angle. Under drowsy conditions, steering 
entropy will be less predictable and will increase in magnitude.  
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Another method that will be used for measuring drowsiness will be electroencephalography 
(EEG). EEG is widely accepted as a valid indicator of drowsiness detection [7], [137]. EEG 
measures brain wave activity in the microvolt range by using electrodes placed on the scalp. 
We have already carried out preliminary EEG measurements and have found this method to 
be relatively effective in detecting drowsiness. However, as EEG recordings can be readily 
influenced by environmental factors, we will further evaluate and optimize the use of EEG for 
these experimental conditions. The subjective sleepiness level will be measured by Karolinska 
Sleepiness Scale (KSS). KSS is a valid tool used by sleep experts to measure the human 
sleepiness and alertness level. Volunteers will give a score (from 1 till 9) on the current level 
of sleepiness level [130]. 
Each of the above drowsiness measurement methods has specific requirements on the 
experimental design. Experiment methods and procedures were carefully designed to allow 
collection of high-quality data. According to our preliminary investigation, the minimum 
required vibration exposure time is to be approximately 20-minutes for the Gaussian random 
vibration. However, we will carry out various experiments to optimize the exposure time/s 
that produces robust drowsiness data 
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3.2 Experiment Equipment and Instrumentation 
3.2.1 Accelerometer Pad 
Model: Svantek SV-38V Whole-Body Vibration Seat Accelerometer 
 
 
 
 
 
 
 
Figure 3.3: Accelerometer pad - Svantek SV-38V whole-body vibration accelerometer used for vibration test in 
accordance to ISO2631-1 (1997) International Standards [13]. 
Description: 
Two Svantek SV-38V accelerometer pads were used for measurement of total transmitted 
vibration to the human body in accordance with ISO2631-1 (1997) International Standards. 
One accelerometer was placed on the seat supporting surface (seat cushion), and the other 
accelerometer was put on the seatback.  
 
 
 
 
 
 
Seatback Accelerometer 
Pad 
Seat Pan Accelerometer 
Pad 
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3.2.2 Human Body Vibration Analyser  
Model: Svantek SV106 Human Vibration Meter & Analyser Table 
 
 
Figure 3.4:  SV-106 Human vibration meter & analyser - Svantek SV-106 used for measurement of transmitted 
vibration to the occupant body in accordance to ISO2631-1 (1997) International Standards [13]. 
Description: 
The SV106 human vibration meter & analyser enables the measurement of 6-points 
transmitted vibration to the human body from seat cushion and seatback. The SV106 uses 
two accelerometer pads to measure total vibration value ( ta ). The total vibration value was 
assigned with predefined weighting and multiplication factors as specified in ISO 2631-1 
(1997) International Standard [13]. 
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3.2.3 Hydraulic Actuator 
Model: MTS 242.01 Hydraulic Actuator 
Force: 5 kN 
 
                     
Figure 3.5: MTS hydraulic actuator - MTS hydraulic actuator was used for drowsiness tests to excite seat to the 
desired frequency weighted r.m.s acceleration values [159]. 
Description:  
For the vibration input force, a servo controlled hydraulic actuator was used. The hydraulic 
actuator is capable to excite the vibration table up to 2 ms-2. The signal generation was 
controlled by the hydraulic MTS software. This actuator capable of producing random 
(Gaussian) and sinusoidal input force.  
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3.2.4 Electroencephalogram (EEG) Headset 
Model: ETSI EN 300 440-2 V1.4.1 
 
 
        (a)                                                   (b) 
Figure 3.6: EEG headset (a) and different electrode placement (b) on the scalp were shown in this figure. The 
location is divided into four segments that are frontal, temporal, parietal and occipital. Satisfactory contact 
between skin and electrode was indicated by green colour [148]. 
EEG Headset Parameters 
 
Number of channels 14 (plus CMS/DRL references, P3/P4 locations) 
Channel names (International 10-
20 locations) 
AF3, F7, F3, FC5, T7, P7, O1, O2, P8, T8, FC6, F4, F8, AF4 
Sampling Method Sequential sampling. Single ADC 
Sampling rate 128 SPS (2048 Hz internal) 
Resolution 14 bits 1 LSB = 0.51μV (16 bit ADC, 2 bits instrumental 
noise floor discarded) 
Bandwidth 0.2 - 45Hz, digital notch filters at 50Hz and 60Hz 
Filtering Built in fifth digital order Sinc filter 
Dynamic range (input referred) 8400μV (pp) 
Coupling mode AC Coupled 
Connectivity Proprietary wireless, 2.4GHz band 
Power LiPoly 
Battery life (typical) 12 Hours 
Impedance Measurement Real-time contact quality using patented system 
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Description: 
The Emotiv EPOC is a high-resolution wireless EEG headset that has been designed for 
practical research applications. It has 16 electrodes including two reference electrodes. This 
electrode measures the potential activity of the brainwave along the human scalp.  The 
electrode placement was arranged according to the International 10–20 system and 
referenced to the common mode sense (Figure 3.6). The recorded signals were digitized using 
the embedded 16-bit ADC with 128 Hz sampling frequency. 
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3.2.5 York Driving Simulator 
Model: Version 5.0 
 
  (a)                                                                (b) 
Figure 3.7: Forward view of simulated driving software in highway condition (a) and urban condition (b). 
Driving Parameters 
Steering position Negative-=left, 0=center, Positive=right 
Range: -128 to +127 
Steering angle  Negative-=left, 0.0=center, Positive=right 
between 180degrees and +180degrees as 
defined by the Full Tire Rotation variable in 
the configuration file. 
Throttle position 0=Min, 255=Max 
Brake position 0=Min, 255=Max 
Velocity Driver’s current velocity in Metres per 
second. 
Acceleration Driver’s current acceleration in Metres per 
second per second. 
Speed  Drivers current speed in kph 
Speed limit  The detected speed limit from speed 
control signs or set from the script file. 
Crash status  0 – OK 
1 - Off road left 
2 - Off road right 
4 - Collision with car 
8 - Collision with object 
Road position Road position expressed as a percentage of 
the road width. The right edge is 0 percent, 
and the left edge is 100 percent. 
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Description:  
York driving simulator is a driving simulator software that was developed by York Computer 
Technologies, Canada. The simulator software allows researchers to measure quantitatively 
and predict the driving behaviour performances. It records driving behaviour and produces 
variable driving indexes such as lane position, steering angle, and speed deviation. To increase 
the realism of the software, the entire simulation creation program integrates the 
configuration program (e.g.,. vehicle dynamics), map builder (eg., the 2D map), and world 
builder (eg., the 3D representation of the objects on the map) into one integrated program. 
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3.2.6 Psychomotor – Vigilance Test (PVT) 
Model: PVT-192 PC Based 
 
(a)                                                               (b) 
Figure 3.8: Schematic diagram of experiment setup with PVT Test (a). PC Based PVT test was used in this study 
(b).                                                                                                                               
PVT Test Parameters 
Duration 10 minutes 
Inter-stimulus Interval 2 -10 seconds 
Valid Response Reaction time > 100 ms 
Anticipation Reaction time < 100 ms 
Error of omission Failure to respond 
Error of commission Response without a stimulus or false start 
Minor lapse Reaction time > 500 ms 
Major lapse  Reaction time > 1000 ms 
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Description: 
PVT-192 is a PC-based visual reaction time test that evaluates human sustained attention and 
vigilance. Duration for the test is 10-minutes. PVT has been proven by several researchers to 
be a reliable and sensitive measure that can predict human error. In this test, volunteers were 
instructed to respond to the appearance of a visual stimulus by clicking a response button as 
quickly as possible. The stimulus was a red light emitting diode displaying time in milliseconds. 
During each 10-minutes session, visual stimuli appeared the variable intervals of 2-10 second. 
A response is considered valid if it is > 100 ms.  A response less than 100 ms will indicate a 
false signal.  
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Chapter 4 
Effect of Vibration on Alertness Level – 
Measured by Electroencephalogram (EEG) 
Device 
 
4.1 Background of Study 
he attempts to summarize the knowledge about the human body's response to 
vibration, merely by introducing a physical or empirical model do not reflect a 
modern understanding of the effects of vibration on body comfort or drowsiness. 
Several studies have demonstrated that fatigue leads to impairment of the ability to perform 
tasks. Although the performance of vehicle drivers under fatigue conditions has been 
investigated in many types of environments, there is insufficient research on the effects of 
vibration on levels of mental alertness in seated drivers. In addition to the paucity of 
researches in this area, the study of drowsiness caused by whole-body vibration is complex 
due to several confounding factors (such as lack of sleep, air temperature, health).  
 
T 
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Therefore, we investigated the relationship between whole-body vibration and human 
drowsiness. A human vibration test setup was designed for this study. Ten volunteers were 
exposed to low frequency sweep sinusoidal and random whole-body vibration in multi-axial 
vibration at 0.3 ms-² r.m.s for 20-minutes. The predominant frequencies and amplitude of the 
vibration depend on many factors including the condition of the road; vehicle weight and 
speed. The selection of 0.3 ms-2 r.m.s used in this investigation is corresponding to the amount 
of vibration perceived by vehicle occupant from the real-word driving conditions on a 
motorway with a constant speed. Changes in drowsiness during vibration exposure were 
measured by recording electroencephalographic (EEG) signals. Two brainwave spectrums 
(theta waves and beta waves) were used for analysis. Exposure to whole-body vibration was 
found to be correlated with a reduction in wakefulness. Decrease in the beta wave and a 
substantial increase in theta wave activity during sinusoidal vibration were found to be more 
pronounced and statistically significant. Obtained results presented here quantify for the first 
time the drowsiness caused by whole-body vibration and will help define the threshold limit 
for safe driving. 
 
4.2 Introduction 
It is well known that driver drowsiness is a leading cause of vehicle accidents on motorways 
or major roadways [60]. Studies illustrate that around one-quarter of severe motorway 
accidents are attributable to sleepy drivers in need of rest, meaning that drowsiness causes 
more road accidents than drunk driving [109]. Drowsiness caused by extended hours of 
driving has considerable influences on driver alertness and performance, therefore, can 
compromise transportation safety. However, drowsiness caused by vehicle vibration was not 
well investigated or reported in the available literature. The relationship between vibration 
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magnitude and vibration frequency of vehicle occupant and drowsiness has been established 
without sufficient research. This is because drowsiness is a complex phenomenon, and there 
is little quantitative data exist. Whole-body vibration has been found to correlate with a range 
of physiological reactions of the human body such as lower back pain and heart rate variability 
(HRV) [55], [138]–[140]. Disturbance of vision and balance have also been reported to occur 
during low-frequency exposure [4], [140], [141]. Vibration may also affect muscle and 
neurological functions, by acting as a stressor [6], [9]. 
In the automotive industry, vehicle’s seat structure is exposed to vibration from various 
sources such as vehicle powertrain and road surface. Fundamental vibration modes (resonant 
frequency and correspondence mode shapes) of the automotive body which can transmit 
vibration to the seat structure occur at a frequency below 60 Hz [142]. However, the 
fundamental resonance of the human body occurs at a frequency below 15 Hz [4]. Vibration 
transmitted to the seated human body contributes significantly towards human perception 
and ride comfort quality [143], [144].  
Following that, ISO 2631-1 (1997) International Standard for evaluation of human exposure 
to whole-body vibration has been developed [13]. Although this International Standard has 
been developed for the assessment of human discomfort that is called ‘Equivalent Comfort 
Contour,' however, there is little quantitative knowledge of how vibration causes drowsiness. 
Therefore, the study will focus on drowsiness as one of the main criteria of drowsiness. 
Drowsiness or sleepiness is a transitory period between awake and sleep [145]. Various 
studies have suggested that drowsy driving affects the ability to drive safely.  According to the 
literature, drowsiness or a state of near-sleep can be quantified in many ways. One of the 
most and reliable methods is by measuring brainwave activity as detected by 
electroencephalography (EEG) signals  [85].EEG is widely accepted as a valid indicator of 
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drowsiness detection [7], [87]. EEG measures the potential difference of brainwave activity in 
the microvolt range by using electrodes placed on the scalp.  
The brainwave activities are classified according to their rhythm and frequency range, which 
are Beta (14 – 20 Hz), Alpha (8 – 13), Theta (4 – 7) and Delta (0.5 – 4 Hz) [4]. Beta wave is 
associated with the state of alertness and wakefulness whereas theta wave is associated with 
the state of drowsiness [85]. Moreover, Alpha wave is associated with the relaxed condition 
but conscious, and Delta wave is related to deep sleep condition [86]. The experiment setup 
is purposely designed to investigate the relationship between the whole-body vibration and 
seated human drowsiness level. The outcome of this investigation is believed to provide 
quantitative data with implications for the effort to improve overall driving performance. 
 
4.3 Methods 
4.3.1 Volunteers 
Ten male university students with mean age 23.0 ± 1.3 years participated as a volunteer. They 
were 168.2 ± 4.0 cm and weighed 64.2 ± 12.2 kg. They had normal hearing and vision. Each 
participant must meet all the pre-screening criteria: no medical or history of back pain 
condition or neck injury, and not using any medications or drugs. All participants refrained 
from taking any medicine or caffeine before the experiment. They were also required to have 
sufficient sleep the day before the experiment. 
4.3.2 Ethical Consideration 
The volunteers were provided with verbal and written explanations of the purpose and 
contents of the experiment. They were also informed that they have right to refuse 
participation in the experiment, and the results of the experiment would remain confidential. 
Following this, informed written consent form was obtained from all the participants after 
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the procedure of the experiment was explained, and the laboratory facilities were introduced 
to them. The vibration exposure was set at a level that did not affect the health according to 
ISO 2631-1 (1997) International Standard. The procedures used were approved by the RMIT 
University Human Research Ethics Committee (Approval Number: EC 00237). 
4.3.3 Apparatus 
Motion-based vibration simulator was developed for this experiment. The actual vehicle seat 
was used for the experiments. The seat was mounted on a vibration table, and the vibration 
table was mounted on four air cushions. The vibration table was designed to be dynamically 
rigid at a frequency below 200 Hz. This is to ensure that there is no possible interaction 
between natural frequency of the vibration table and seat structural dynamics. The excitation 
input for the vibration table was provided by the servo-controlled hydraulic actuator that was 
placed at the corner of the table. The off-centre excitation provides the input power in 
different orientations to capture all available seat vibration modes and corresponding 
resonant frequencies. It also generates typical vibrations that are usually produced on the 
vehicle seat mountings. 
4.3.4 Experimental Procedures 
The experiment was conducted between 9.00 am to 12.00 pm. The experiment was divided 
into three conditions (no-vibration condition, random vibration condition and sinusoidal 
vibration condition) and performed in separate days. The room temperature, noise level and 
illumination were kept at a level that was comfortable for the volunteers. Informed consent 
was obtained prior to volunteers participation. Each condition lasted roughly 30-minutes with 
20-minutes of vibration exposure or 20-minutes sitting. Volunteers were asked to take a seat 
and assume a comfortable position. They were requested to sit comfortably with their back 
on the backrest and hands on their lap. Feet was placed on the footrest to isolate the vibration 
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from the floor. A cross sign was placed on the wall in front of the volunteer at eye level. 
Volunteers were also instructed to limit any physical movement. Two vibration inputs 
(Gaussian random and Sweep sine) with the frequency range of 1 – 15 Hz were used for the 
experiment (Figure 4.1). Vibration acceleration to the human body was kept constant at 0.3 
ms -² r.m.s. EEG headset with sixteen electrodes was carefully placed on volunteers scalp. 
Saline solution was used to ensure a good contact between the human scalp and electrodes. 
Satisfactory contact between electrodes and the scalp was indicated by the green light (Figure 
4.2).  
 
Time 
(a) 
 
 
Frequency 
(b) 
 
 
Time 
(c) 
 
Frequency 
(d) 
 
Figure 4.1:  Sample of time domain history and the power spectra density for random vibration (a & b) and 
sweep sine vibration (c & d). 
4.3.5 EEG Recording 
Emotive EPOC 14-channel wireless Neuro-headset (Emotive Systems, Inc., San Francisco) was 
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International 10–20 system (Figure 4.2). The recorded signals were sampled at 128 Hz. To 
ensure a satisfactory contact between sensors and scalp, all felt pads on top of the sensors 
have to be moistened with a saline solution. The impedance of contact was kept below 5 KΩ. 
EEG signals were recorded two minutes before vibration, 20-minutes during vibration and 
two minutes after vibration. 
 
   
Figure 4.2: The EEG headset and different electrode placement on the scalp were shown in this figure. The 
location is divided into four segments which are frontal, temporal, parietal and occipital. Satisfactory contact 
between skin and electrode was indicated by green colour. 
4.3.6 EEG Analysis 
To investigate the influence of vibration on human drowsiness, EEG analysis was performed 
offline in the EEGLAB software (version 9.B). Raw EEG data was band-pass filtered between 
0.5 to 30 Hz. In this investigation, the EEG signals were segmented into 10 seconds epoch and 
subjected to visual inspection for noise removal. Contamination of EEG activity by the eye 
blinking, muscle activity, and pulse is a serious problem for EEG interpretation.  
Therefore, neural logarithmic called Independent Component Analysis (ICA) was introduced 
to remove the unwanted artefacts. Finally, artefacts-free signals were subjected to beta and 
theta wave frequencies for further analysis. The frequency domain analysis was performed 
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using the Fast Fourier Transform (FFT) algorithm to calculate the absolute (μV²/Hz) power 
density, relative (%) power density and mean frequency (Hz) within each of the sub-bands. 
Absolute power was log transformed in order to normalise the distribution of data (Figure 
4.3). All statistical analysis were performed using the SPSS version 20.0 (SPSS Inc., Chicago, 
IL). The obtained results were considered as significant at the level of p < 0.05. 
 
(a) 
 
(b) 
Figure 4.3: Measured EEG signals were shown in this figure. Fig (a) displays the measured brainwave signals at 
F3 location before and after vibration condition. Figure (b) shows the frequency domain analysis in beta rhythm 
frequency for F3 location. 
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4.4 Results 
4.4.1 Beta Activity 
The results are illustrated in Figure 4.3. The relative wavelet energy or event-related spectral 
power for the Beta brainwave activity (14 – 20 Hz) was calculated from the F3 and F4 
locations. Beta wave is associated with the wakeful state of alertness, active and anxiety. 
Decrease in beta activity indicates a reduction in wakefulness.  
The value given in figure represents mean values of three conditions (no vibration, exposure 
to random vibration, exposure to sinusoidal vibration) after 20-minutes. The input vibration 
levels for both random and sinusoidal conditions were adjusted to be equal. The value of 100 
was scaled to indicate the drowsiness baseline. In other words, the obtained mean value 
lower than 100 indicates a decrease in alertness. 
As shown in Figure 4.4, the exposure to random and sinusoidal vibration was correlated with 
a reduction in beta activity. The decrease was statistically significant (p < 0.05). The effect of 
exposure to sinusoidal vibration is larger compared to the exposure to random vibration. 
Harmonic characteristic of sinusoidal vibration was found to have a substantial influence on 
drowsiness level. However, in no vibration condition, the mean value shows an increase in 
beta activity. It demonstrates that the volunteers were in the state of alertness even after 20-
minutes of sitting without any input of vibration. These provide evidence that the reduction 
in beta wave activity was correlated with vibration specifically in sinusoidal vibration. Figure 
4.6 shows an example of brain topography indicates the beta activity of the volunteers before 
and after vibration exposure. Higher activity is shown by red-shaded areas whereas low 
activity is indicated by blue-shaded areas. A decrease in beta wave activity in the frontal area 
was observed in random and sinusoidal vibration. However, a larger decrease in activity was 
seen in sinusoidal vibration. 
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Figure 4.4: Average values of Beta Rhythm Brainwave Power Spectrum for “No-Vibration condition”, “Random 
Vibration condition”, and “Sinusoidal Vibration condition” measured at F3 and F4 locations of the scalp. A 
significant decrease of beta activity can be observed in vibration conditions that may link to decrease in alertness 
level. 
 
As shown in Figure. 4.4, the “No-Vibration condition” represents the measurement taken 
after 20-minutes of sitting on the seat without any input vibration. The “Random Vibration” 
condition represents the measurement taken after 20-minutes of exposure to a random 
vibration. The “Sinusoidal Vibration” condition represents the measurement taken after 20-
minutes of exposure to a sinusoidal vibration. The input vibration levels for both random and 
sinusoidal conditions were adjusted to be equal. The level of 100 indicates alertness level 
baseline before 20-minutes. 
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4.4.2 Theta Activity 
The results of theta wave activity are illustrated in Figure 4.5. The average value for theta 
brainwave activity (4 -7 Hz) was also calculated from AF3 and AF4 location for three different 
conditions (no vibration, exposure to random vibration, exposure to sinusoidal vibration) 
after 20-minutes. The input vibration levels for both random and sinusoidal conditions were 
adjusted to be equal.  A baseline of 100 was scaled to indicate the degree of drowsiness.  
Recent studies demonstrated that an increase in theta activity can be linked to drowsiness. It 
can be clearly observed from the figure that the exposure to random and sinusoidal vibration 
have a substantial increase of drowsiness level as compared to no vibration condition. 
However, in no vibration condition, the average value calculated was close to the score of 
100. This result demonstrates that there is no substantial difference in the level of alertness 
before and after 20-minutes of sitting was observed. 
The increase in theta activity was found to be statistically significant (p < 0.05). The P-value is 
given in Table 4.1. The average value for theta activity in sinusoidal vibration was found to 
have a higher value compared to random vibration. The corresponding value obtained shows 
that sinusoidal vibration has a larger influence on human drowsiness level. The brain 
topography image of theta activity in both sinusoidal and random vibration is shown in Figure 
4.7. It can be concluded that the reduction in wakefulness level is indicated by combined 
decrease in beta activity and increase in theta activity, and the effect is less pronounced in 
random vibration as compared to sinusoidal vibration. 
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Figure 4.5: Average values of Theta Rhythm Brainwave Power Spectrum for “No-Vibration condition”, “Random 
Vibration condition”, and “Sinusoidal Vibration condition” measured at AF3 and AF4 locations of the scalp. A 
significant increase of Theta activity can be observed in vibrations conditions that may link to decrease in 
alertness level. 
As shown in Figure 4.5, the “No-Vibration condition” represents the measurement taken after 
20-minutes of sitting on the seat without any input vibration. The “Random Vibration” 
condition represents the measurement taken after 20-minutes of exposure to a random 
vibration. The “Sinusoidal Vibration” condition represents the measurement taken after 20-
minutes of exposure to a sinusoidal vibration. The input vibration levels for both random and 
sinusoidal conditions were adjusted to be equal. The level of 100 indicates drowsiness level 
baseline before 20-minutes. 
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Table 4.1: Statistical analysis was carried out. The p-value for vibrations condition was found to be statistically 
significant. (p < 0.05). It indicates vibration causes drowsiness. Moreover, in no-vibration condition p-value was 
0.045 for theta activity and 0.203 for beta activity. 
 No-Vibration Exposure With-Vibration Exposure 
After 20-minutes 
After 20-minutes 
EEG Signals Random Sinusoidal 
Beta (β)  0.203 0.011* 0.008* 
Theta (θ)  0.045* 0.004* 0.011* 
 
*
Significance level p < 0.05 
Beta Brainwave Spectral Activity 
 
Figure 4.6: Brain spectral maps show the Beta brainwave activity for no-vibration condition and with vibration 
conditions (random and sinusoidal). 
No significant changes were found in no-vibration condition after 20-minutes. It 
demonstrates that the human alertness level may not be affected in no-vibration condition. 
Significant changes were observed in random vibration and sinusoidal vibration. Red Shaded 
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area indicates a high degree of activity whereas blue-shaded area indicates low-level activity. 
The results show a decrease in beta wave activity at frontal section after vibration exposure. 
The decline in beta wave activity can be linked to drowsiness. However, the effect is less 
pronounced in random vibration compared to sinusoidal vibration. 
 
Figure 4.7: Brain spectral maps show the Theta brainwave activity for no-vibration condition and with vibration 
conditions (random and sinusoidal) 
No significant changes were found in no-vibration condition after 20-minutes. It 
demonstrates that the human alertness level may not be affected in no-vibration condition. 
Significant changes were observed in random vibration and sinusoidal vibration. Red Shaded 
area indicates a high degree of activity whereas blue-shaded area indicates low-level activity. 
The results show an increase in theta wave activity at frontal section after vibration exposure. 
The increase in theta wave activity can be linked to drowsiness. However, the effect is less 
pronounced in random vibration compared to sinusoidal vibration. 
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4.5 Discussion 
Impaired alertness, as a result of driver drowsiness, has been one of the primary causes of 
road accidents. However, drowsiness caused by vibration is not well investigated or 
understood. The present study attempts to fill the gap in the literature on human drowsiness 
and whole-body vibration, as defining drowsiness caused by vibration is essential for 
decreasing drowsiness-related accidents. The results obtained support the hypothesis that 
the low-frequency vibration may induce drowsiness and caused a reduction in alertness. 
Comparison between random excitation and sinusoidal excitation has shown that the 
drowsiness effect being less pronounced during random excitation condition. This indicates 
that sinusoidal excitation has a greater influence on seated human drowsiness level. It should 
be noted that the exposure to vibration stimuli can activate a large number of sensory 
receptors of the human body. The sensory receptors will convert the vibration sensation into 
electrical impulses and send to the brain for information processing. The brain then will 
determine the subjective response to the stimuli and conducts impulses back to another part 
of the body. More activation of the brain occurs in the case of varying stimuli to the different 
receptors of the human body e.g. during random vibration. However, less sensory stimulation 
will occur during harmonics characteristic and monotonous stimulation such as exposure to 
sinusoidal vibration. Therefore, a decrease in wakefulness level in sinusoidal vibration is more 
prominent. The finding is consistent with the previous study conducted by Landstrom et al. 
[81] 
Human sensitivity and response to external vibration are difficult to quantify. The sensation 
of the human body to a different form of vibration is described in terms of discomfort or 
unpleasantness. However, different individuals perceive vibration differently. Therefore, 
quantification of brainwave activity is believed to be a reliable indicator to predict seated 
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human drowsiness. The effects of vibration on the levels of alertness on the seated human 
were able to be detected by our proposed EEG methods. The results show a reduction in beta 
brainwave activity and increase in theta brainwave activity after as little as 20-minutes of 
vibration exposure. 
 
4.6 Conclusions 
Influences of vibrations to the seated human drowsiness have not been well discussed in ISO 
2631-1 (1997) International Standard [13]. This is because drowsiness caused by vibration is 
a complex phenomenon. The results of this research demonstrate that the vibration has 
significance influences on seated human alertness level. The effects of vibration on 
drowsiness are measured using EEG method. For all ten volunteers, the power spectrum at 
the frontal cortex (F3, F4, AF3, and AF4) showed statistically significant differences before and 
after vibration (p < 0.05). It was found that measured beta brainwave activity that indicates 
alertness level decreased in both random and sinusoidal excitation. However, the drowsiness 
effect in sinusoidal vibration was more pronounced compared to random vibration condition. 
Measurement results of the theta brainwave activity that indicate drowsiness level also 
showed similar results. The increase of theta wave activity displays the reduction in 
wakefulness level, and the effect is less pronounced in random vibration. The results of this 
study will help to predict and characterize the seated human drowsiness degree in response 
to vibration. 
Part of this chapter has been used in the following publications: 
Mohd Amzar Azizan, Mohammad Fard, Michael F. Azari (2014), Characterization of the Effects 
of Vibration on Seated Driver Alertness, Non-linear Engineering-Modelling and Application 
Journal 
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Chapter 5  
Effect of Vibration on Seated Occupant 
Reaction Time  
5.1 Background of Study 
lthough many researches exist about human body vibration discomfort, there is 
little knowledge about the effects of vibration on vehicle occupant drowsiness. 
Here, a laboratory experiment setup has been developed to investigate the 
effects of vibration on seated human drowsiness. The vibration was applied to the volunteers 
sitting on the vehicle seat mounted on a servo-controlled hydraulic actuator. Eighteen healthy 
volunteers (age 23.0 ± 1.3) participated in this study. Seated volunteers were exposed to a 
Gaussian random vibration, with 1-15 Hz frequency bandwidth, for 20-minutes. In this 
investigation, we were trying to replicate the actual vibration generated from the road input. 
According to literature, the predominant vibration in the vehicle is random vibration. 
Therefore, the random vibration that is caused by unpredicted loads such as road roughness 
and wind were selected to investigate the effect of vibration on human seated occupant 
reaction time. 
A 
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The input vibration from hydraulic actuator was adjusted for each volunteer so that the total 
transmitted acceleration, measured at interfaces between human and seat cushion and 
seatback, to become 0.2 ms-2 r.m.s. To measure the seat occupant drowsiness caused by 
vibration, two drowsiness measurement methods have been used. One method, which was 
based on the reaction time measurement, was called Psychomotor Vigilance Test (PVT). The 
second method, which based on subjective evaluation, was called Karolinska Sleepiness Scale 
(KSS). Each volunteer PVT measurements were conducted once before exposure to vibration 
and once after 20-minutes exposure to vibration. The KSS measurements were carried out 
before vibration exposure, during vibration at 5-minutes intervals of vibration exposure, and 
after 20-minutes of vibration exposure. Significance increase in PVT mean reaction time (p < 
0.0001), decrease in response speed (p < 0.0001) and increase in number of lapses (p < 0.01) 
were observed in all eighteen volunteers after 20-minutes exposure to vibration.  The KSS 
also demonstrate a significant increase in drowsiness level (p < 0.0001) before and after 20-
minutes exposure to vibration. A positive correlation (r ≥ 0.4) has been obtained from 
objective measurement metrics (PVT) and subjective measurement (KSS). The results suggest 
that exposure to vibration even for 20-minutes can lead to a significant drowsiness. 
 
5.2 Introduction 
Falling asleep at the wheel or drowsy driving is a significant cause of accidents on motorways 
or major roadways. The report shows that drowsy driving accounts for approximately 20% of 
worldwide accidents [1]. It has been well established that drowsiness caused by extended 
hours of driving has considerable influences on driver alertness and performance, therefore, 
can compromise transportation safety. However, drowsiness caused by vibration is not well 
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investigated or reported in the available literature.  This is perhaps because drowsiness is 
multifactorial and the measurement of human drowsiness level is somewhat challenging.  
Moving vehicle is exposed to vibration from various sources such as vehicle powertrain and 
road surface. The vibration generated will be interacting to each other and transmitted to the 
human body via vehicle seat. A previous study suggested that fundamental vibration modes 
(resonant frequency and correspondence mode shapes) of the automotive body which can 
transmit vibration to the seat structure occur at a frequency below 60 Hz [32]. However, the 
fundamental resonance of the human body occurs at a frequency below 15 Hz [4]. It is well 
established that the vibration transmitted to the seated human body have significant 
influences on human perception and ride comfort [4], [13], [31], [144].  ISO 2631-1 (1997) 
[13] International Standard for evaluation of human exposure to whole-body vibration has 
been used successfully for several years. Although this International Standard has been 
developed for the assessment of human body discomfort that is called “Equivalent Comfort 
Contour”, however, there is little quantitative knowledge of how vibration causes drowsiness.  
Hence, there is considerable scope for defining the exact effects of vehicle and particularly 
seat vibration on driver drowsiness level. At present, there is no particular attempt has yet 
been made specifically to rank the contributors to driver drowsiness in their order of 
importance.  
Therefore, the study will focus on drowsiness caused by the only vibration. According to 
literature, drowsiness or sleepiness is a transitory period between awake and sleep [54], 
[145]. Various studies have suggested that drowsy driving affects the ability to drive safely. 
According to the literature, drowsiness or a state of near-sleep can be quantified in many 
ways. One of the most reliable methods to measure drowsiness level used by sleep researcher 
is the psychomotor vigilance test (PVT)  [93], [94]. The PVT requires volunteers to response to 
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a visual stimulus by pressing a response button as soon as a stimulus appears. Research 
consistently shows that cumulative sleep restriction and drowsiness results in an increase in 
reaction time (RT), a decrease in response speed (1/RT), and increase in a number of lapse 
(RT ≥ 500 ms) [93], [98], [146]–[149]. Although many studies have attempted to demonstrate 
the links between PVT performances and drowsiness, drowsiness caused by vibration has not 
been experimentally assessed by PVT measure.  
It is also equally important to investigate the feasibility of PVT measurement to predict 
drowsiness caused by vibration. This may help to provide a direct link between vibration and 
drowsiness using PVT for the road safety and developing drowsiness countermeasures. 
Accordingly, it is the primary aim of this study to investigate the effect of vibration on human 
drowsiness level using both objective (PVT) and subjective (KSS) measurement methods. 
 
5.3 Methods 
5.3.1 Volunteers 
Human participation in this investigation included eighteen young male and healthy university 
students with mean age 23.0 ± 1.3 years. They were 168.2 ± 4.0 cm and weighed 64.2 ± 12.2 
kg. The average BMI of volunteers was 22.6 (SD=2.54) kg/m². They had normal hearing and 
normal or corrected-to-normal vision. Each volunteer must meet all the pre-screening 
criteria: no medical or history of back pain condition or neck injury, and not using any 
medications or drugs. All volunteers refrained from taking any medicine or caffeine before 
the experiment. They were also instructed to have sufficient sleep the day before the 
experiment. 
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5.3.3 Apparatus 
The experiment set-up for drowsiness assessment has been developed for this investigation. 
An actual vehicle seat with adjustable headrest was used. The vehicle seat was mounted on a 
cast aluminium table (2 m x 1.2 m x 1.2 m), and the table is mounted on four air mountings 
(regulated to 20 psi). The seat’s inclination angle was set at 15° to the vertical direction.  The 
excitation input force for the table was provided by the servo-controlled hydraulic actuator 
(5 kN) that was placed vertically at the corner of the table. The off-centre excitation will 
provide multi-axial input power in different orientations. It also generates typical vibration 
that is usually generated on the vehicle seat mountings. The vibration table below the seat 
was designed to be dynamically rigid in frequencies below 200 Hz. This is to ensure that there 
is no interaction with vehicle seat structural dynamics. Prior to drowsiness measurement, 
measurement of total transmitted vibration to each volunteer have been done in accordance 
with ISO 2631-1 (1997) (evaluation of human exposure to whole-body vibration). The 
measurement was carried out to adjust the required hydraulic input force for every volunteer 
to become 0.2 ms-2 r.m.s. 
Seat cushion accelerometer pad and seatback accelerometer pad were used to measure the 
total transmitted vibration to the human body. The accelerometer pads were connected to 
the vibration meter. The vibration meter uses the weighting factors (ωk, ωd, ωc) and 
multiplication factors (Table 5.1) to calculate the total frequency-weighted transmitted 
vibration to the seated human body.  
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Table 5.1: The frequency-weighting coefficients and the multiplication factors, from ISO 2631-1 (1997) 
International Standards [13], corresponding to x (fore-aft), y (lateral) and z (vertical) accelerations in the seat 
pan and the seatback. 
 Seat Accelerometer Pad 
 Seat cushion  Seatback 
Axis X Y Z  X Y Z 
Weighting Wd Wd Wk  Wc Wd Wd 
Multiplication factor k  1 1 1  0.8 0.5 0.4 
 
5.3.2 Ethical Considerations 
Volunteers were provided with verbal and written explanations of the purpose and contents 
of the experiment. They were also informed that they have right to refuse participation in the 
experiment, and the results of the experiment would remain confidential. Following this, 
informed written consent form was obtained from all the volunteers after the procedure of 
the experiment was explained, and the laboratory facilities were introduced to them. The 
vibration exposure was set at a level that did not affect the health according to ISO 2631-
1(1997) International  Standard [13]. The experimental protocol was reviewed and approved 
by the RMIT University Human Research Ethics Committee (Approval Number: EC 00237). 
5.3.4 Experimental Procedures 
The experiment was carried out in a temperature and light controlled 21°C - 23°C, < 70 lux) 
laboratory, and the noise level was below 60 dB.  Volunteers arrived at the laboratory at 8.00 
h. Informed consent was obtained prior to Volunteers participation. Volunteers were also 
asked to have sufficient rest and avoid any caffeine intake the day before the experiment. 
Prior to the experiment, volunteers were screened using ESS (Epworth Sleepiness Scale) to 
detect any abnormalities in sleep [120].The total ESS score ranged from 0 to 24; scores below 
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7 were considered as normal, scores between 8 to 10 as moderate sleepiness, scores between 
11 to 15 was applied to define an elevated risk, whereas scores above 16, severe excessive 
daytime sleepiness (EDS), was considered as high risk of falling asleep in various monotonous 
situations. Score more than ten will be excluded from the experiment.  The experiment began 
at 8.30 h. All volunteers participated in two experiment conditions (vibration and no 
vibration). These two conditions were performed over two separate days. The orders of two 
conditions were randomly ordered to avoid order-related influences.  
Vigilance was assessed with the PC-based Psychomotor Vigilance Test (PVT-192: Ambulatory 
Monitoring Inc., Ardsley, New York) [93], a 10–minutes visual reaction time task that 
evaluates sustained attention in two conditions; before vibration exposure and after vibration 
exposure. Volunteers were instructed to respond to the appearance of a visual stimulus by 
clicking a mouse as quickly as possible. The stimulus was a red light emitting diode displaying 
time in milliseconds. During each 10-minutes session, visual stimuli appeared the variable 
intervals of 2-10 second. From each PVT condition, six PVT performance metrics that are 
average reaction time, the number of lapses, median reaction time, reaction speed, fastest 
10% RT and slowest 10% RT were extracted using a software program. A response is 
considered valid if it is > 100 ms. A response less than 100 ms will indicate a false signal. To 
minimise the learning effect, volunteers completed three practice sessions before the real 
test as the previous study shows that the PVT has 1-3 trial learning curve  [150]. 
During vibration condition, volunteers were asked to sit comfortably with their back on the 
backrest and hands on their lap. The volunteers were required to sit with their feet firmly 
placed on the footrest as shown in Figure 5.1. The footrest was not connected to the vibration 
table and was isolated from the vibration. Volunteers were also instructed to limit any 
physical movement. Volunteers were exposed to a Gaussian random vibration, with 1-15 Hz 
 MOHD AMZAR AZIZAN | RMIT UNIVERSITY 80 
 
Effect of Vibration on Seated Occupant Reaction Time 
frequency bandwidth, for 20-minutes. Total transmitted acceleration to the human body was 
kept constant at 0.2ms-2 r.m.s. Volunteers rated their subjective sleepiness using Karolinska 
Sleepiness Scale (KSS) before vibration exposure, every 5-minutes of vibration and after 
Vibration exposure [122]. The rating was initiated by the test leader saying KSS. The use of 
the scale had been practice beforehand and consisted of the following scores: 1 = extremely 
alert, 2 = very alert, 3 = alert, 4 = rather alert, 5 = neither alert or sleepy, 6 = some sign of 
sleepiness, 7 = sleepy, but no effort to stay awake, 8 = sleepy, some effort to stay awake, 9 = 
very sleepy, great effort to stay awake. No conversation was permitted between the 
volunteer and the test leader, unless in the event of an emergency. Similar experimental 
procedures were applied for no vibration condition. Volunteers were asked to take a seat for 
20-minutes after completed first PVT test. Second PVT test will be conducted immediately 
after 20-minutes of sitting. 
 
 
Figure 5.1: The two drowsiness assessment methods (Objective or PVT subjective or KSS) are illustrated. PVT 
was assessed in before and after 20-minutes of vibration. Subjective evaluation was administrated before 
vibration, every 5-minutes of vibration and after vibration exposure. 
 MOHD AMZAR AZIZAN | RMIT UNIVERSITY 81 
 
Effect of Vibration on Seated Occupant Reaction Time 
5.3.6 Statistical Analysis 
Statistical analysis was performed using GraphPad program (GraphPad Prism 6). All data were 
checked for normality prior analysis. Changes in PVT performance metrics (minor lapse, mean 
RT, median RT, fastest 10% RT, slowest 10% RT) for both conditions (vibration and no 
vibration) were verified by Paired T-Test comparison. Mean RT values were reciprocally 
transformed to mean 1/RT to normalize the data. Error bars in the figure indicate Standard 
Error Mean (SEM) of the average values. Single tailed (p < 0.05) was considered statistical 
significance. One way repeated measures-Analysis of Variance (Repeated measures-ANOVA) 
was used to assess the changes in subjective sleepiness over the course of vibration exposure. 
Correlation between the objective measure and subjective measure was calculated using and 
Pearson's (r) correlation coefficient. 
 
5.4 Results 
5.4.1 Objective Measurement – Psychomotor Vigilance Test (PVT) 
Influence of vibration on human drowsiness level, measured by PVT, is shown in Figure 5.2. 
The following six PVT metrics were assessed and included in the analyses: (1) minor lapse, (2) 
mean response time (RT), (3) median RT, (4) mean 1/RT, (5) fastest 10% RT, (6) slowest 10% 
RT. Each panel of Figure 5.2 shows the average and standard error of the mean (SEM) of each 
PVT metric before exposure and after 20-minutes of exposure to vibration. Comparison of the 
six PVT metrics before exposure and after exposure to vibration showed that the 20-minutes 
exposure to vibration had a significant (p < 0.001) influences on volunteer's RT. As the minor 
lapse or microsleep is usually defined as RT of longer than 500 ms, we particularly scrutinized 
this metric. We found that following 20-minutes exposure to vibration, the average minor 
lapse values across 18 volunteers was increased by 55% (mean ± SEM: 3.67 ± 2.47; p = 0.0018). 
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This indicated that the vibration exposure increased microsleep numbers thereby reducing 
alertness and causing drowsiness. 
A statistically significance increase in reaction time could also be seen in mean RT. Due to 
exposure to vibration, volunteers’ mean RT was decreased by 12 % (mean ± SEM: 320.2 ± 
45.30; p < 0.0001). Decreases in mean RT are also associated with drowsiness. In addition, 
drowsiness also impairs median RT. There was an increase of 11 % (mean ± SEM: 301.3 ± 
41.07; p < 0.0001) in median RT following exposed to vibration. To normalize the data 
distribution, the average reaction time was reciprocally transformed to mean 1/RT. This 
metric is known as reaction speed. Significance decreases of reaction speed could be 
observed in all eighteen volunteers (mean ± SEM: 3.18 ± 0.46; p < 0.0001). Reductions in 
reaction speed indicated difficulty by the volunteers in sustaining attention. Inability to 
respond showed that vibration exposure had considerable influence on human alertness 
levels and could affect the volunteers’ psychomotor ability in reacting to the visual stimuli. 
Other PVT metrics that were measured were fastest 10 % RT and slowest 10 % RT. Volunteers 
were unable to make a fast response following exposure to vibration. It can be seen from the 
Table 5.2 that the fastest 10 % RT was increased by 11 % (mean ± SEM: 210.3 ± 27.98; p = 
0.0002). A sign of drowsiness could also be seen in the slowest 10 % RT (mean ± SEM: 805.1 
± 246.9; p = 0.0037). Similarly, the vibration was found to have an adverse effect on slowest 
RT. Volunteers were prone to make slower responses following exposure to vibration. To 
verify the results, paired t-tests were used. Statistically significant decreases in fastest 10% 
and slowest % RT were observed. However, the difference was more significant in fastest 10 
% RT (p = 0.0002). 
Together these changes in RT values indicated that exposure to as little as 20-minutes of 
vibration reduced human alertness levels and induced significant drowsiness. This induced-
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drowsiness caused by vibration influenced the volunteers’ ability to respond quickly to visual 
stimuli. Another important finding to emerge from this study is that PVT showed high levels 
of sensitivity to whole-body vibration-induced changes in human drowsiness. 
It should be noted that, in the absence of vibration (Figure 5.3), no significant changes were 
observed in PVT metrics (p > 0.05) after 20-minutes sitting. Comparisons of six PVT metrics 
(mean ± SEM) for before and after 20-minutes sitting were shown in Table 5.3.  
The results indicate that 20-minutes of sitting with no exposure to vibration do not have any 
considerable effects of drowsiness. Volunteers’ RT performance have not demonstrated any 
significant changes.  Consequently, the observed drowsiness in the presence of vibration were 
mainly induced by vibration.  
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Figure 5.2: Statistically significance changes of six PVT metrics (mean ± SEM) before and after 20-minutes 
exposure to vibration were observed in all eighteen volunteers. The changes indicate PVT impairment due 
drowsiness caused by exposure to vibration. 
 MOHD AMZAR AZIZAN | RMIT UNIVERSITY 84 
 
Effect of Vibration on Seated Occupant Reaction Time 
Table 5.2: Statistical analyses of six PVT metrics before and after 20-minutes exposure to vibration were shown. 
PVT Metrics 
Before Exposure 
(mean ± SEM) 
After Exposure 
(mean ± SEM) 
t, df P - value 
Median RT (ms) 268.5 ± 30.60 301.3 ± 41.07 6.33, 17 < 0.0001**** 
Mean RT (ms) 283.1 ± 26.47 320.2 ± 45.30 5.43, 17 < 0.0001**** 
Mean 1/RT 3.56 ± 0.321 3.18 ±  0.46 5.54, 17 < 0.0001*** 
Fastest  10% RT (ms) 187.2 ± 14.18 210.3 ± 27.98 4.37,17 0.0002*** 
Minor Lapses (n) 1.67 ± 1.534 3.67 ± 2.47 3.37,17 0.0018** 
Slowest 10%  RT (ms) 637.9 ± 173.0 805.1 ±  246.90 3.05, 17 0.0037** 
 
Note:  **** Extremely significant *** Very significant ** Significant 
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Figure 5.3: No statistical significance changes of six PVT metrics (mean ± SEM) before and after 20-minutes sitting 
were observed in no vibration condition in all eighteen volunteers.  This indicates 20-minutes sitting does not 
induce drowsiness to the volunteers. 
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Table 5.3: Statistical analyses of six PVT metrics before and after 20-minutes sitting were shown 
PVT Metrics 
Before Sitting  
(mean ± SEM) 
After Sitting 
(mean ± SEM) t, df P - value 
Median RT (ms) 280.6 ± 6.91 288.6 ± 7.64 0.78, 17 >  0.05 
Mean RT (ms) 286.6 ±  7.90 296.6 ±7.87 1.25, 17 >  0.05 
Mean 1/RT 3.50 ±  0.09 3.38 ± 0.08 1.32, 17 >  0.05 
Fastest  10% RT (ms) 213.9 ± 4.62 211.7 ± 8.61 0.23, 17 >  0.05 
Minor Lapses (n) 0.43 ± 0.20 0.57 ±  0.29 0.40, 17 >  0.05 
Slowest 10%  RT (ms) 621.4 ± 122.10 481.6 ± 21.40 1.35, 17 >  0.05 
 
To determine the magnitude of the differences between before and after vibration exposure, 
effect sizes for all PVT metrics were calculated and were shown in Table 5.4. These values 
were calculated as the average of within-volunteers difference divided by the standard 
deviation of the within-volunteers difference. Therefore, effect sizes increase with the 
magnitude of within–volunteers difference and decrease with increasing variability of the 
differences. Based on the above definitions, PVT metrics was arranged according to their 
effect sizes and sensitivity to vibration. As can be seen in Table 5.4, median RT showed the 
larger magnitude of the difference between before exposure and after 20-minutes exposure 
to vibration that indicated stronger sensitivity to vibration followed by mean 1/RT and mean 
RT. Effect sizes above 0.8 also indicate substantial statistical and clinical differences. 
Moderate effect sizes (ES > 0.5) were observed for the fastest 10 % RT, minor lapse, and 
slowest 10 % RT. Median RT and mean 1/RT, which has higher effect sizes (ES = 0.8), can be 
therefore be considered as the primary PVT metrics. 
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Table 5.4: Effect sizes were calculated to determine the magnitude of the differences of six PVT metrics. Higher 
effect sizes indicate large statistical and clinical significance difference. 
Rank Outcome Metrics P - Value Cohen’s D Effect Size 
1 Median RT < 0.0001 3.071 0.838 
2 Mean 1/RT < 0.0001 2.687 0.802 
3 Mean RT < 0.0001 2.634 0.796 
4 Fastest 10% RT 0.0002 2.119 0.727 
5 Minor lapse 0.0018 1.633 0.632 
6 Slowest 10% RT 0.0037 1.476 0.594 
 
5.4.2 Subjective Measurement (Karolinska Sleepiness Scale KSS) 
Subjective sleepiness scale was plotted against time and is shown in Figure 5.4. Significant 
increases of Karolinska sleepiness scale (KSS) between before vibration exposure and every 
subsequent 5-minutes of exposure to vibration were detected using repeated measures-
ANOVA test (P < 0.0001) for all eighteen volunteers. Figure 5.4 shows a clear decline alertness 
level indicated by a progressive increase in subjective sleepiness score throughout the course 
of exposure to vibration. Before vibration exposure, the average KSS score was 2.6 ± 0.24 
(mean ± SEM). After 5-minutes of vibration exposure, KSS scores increased to 4.3 ± 0.33 (mean 
± SEM). Drowsiness was pronounced after 15-minutes exposure to vibration with KSS values 
of 6.3 ± 0.38 (mean ± SEM). To investigate statistical significance, one-way repeated 
measures-ANOVA was carried out. It was found out that intra-individual and inter-individual 
differences of all eighteen volunteers were highly significant (p < 0.0001). Increases in 
subjective sleepiness scores provide significant corroborating evidence that exposure to 20-
minutes of vibration level can steadily reduce human alertness levels that are linked to 
drowsiness.  
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To determine the dispersion of variation, the coefficient of variation (CV) was calculated. As 
shown in Table 5.5 coefficient of variation (CV) was low after 20-minutes of exposure to 
vibration (20.59%) as compared to before exposure conditions (38.59 %). A decrease in the 
coefficient of variation (CV) between before exposure and after 20-minutes of exposure to 
vibration confirms a definite deterioration of alertness variation level for all the volunteers. 
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Figure 5.4: Figure shows the average (mean ± SEM) of subjective sleepiness scale (KSS) for all the volunteers. It 
can be observed that there was a significant increase in subjective sleepiness after exposure to vibration. 
Table 5.5: Table shows statistical analysis of subjective sleepiness scale (KSS) for eighteen volunteers for 
five interval session in vibration condition. 
Subjective Sleepiness  
Scale (KSS) 
Before 
Test-run 
5–min 
Exposure 
10-min 
Exposure 
15-min 
Exposure 
After 20–min 
Exposure 
Mean 2.67 4.33 5.56 6.39 6.78 
Std. Deviation (SD) 1.03 1.41 1.50 1.61 1.40 
Std. Error of Mean (SEM) 0.24 0.33 0.35 0.38 0.33 
Lower 95% CI of mean 2.16 3.63 4.81 5.59 6.08 
Upper 95% CI of mean 3.18 5.04 6.30 7.19 7.4 
Coefficient of variation (CV) 38.59% 32.64% 27.07% 25.26% 20.59% 
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It should be noted that, in the absence of vibration, no significant changes were observed in 
KSS after 20-minutes sitting. KSS results for before and after 20-minutes sitting with no 
vibration have been shown in Figure 5.4. The KSS score (mean ± SEM: 1.86 ± 0.26) was before 
20-minutes of sitting. Slight increases of subjective sleepiness scale (mean ± SEM: 2.85 ± 0.26) 
have been observed after 20-minutes of seating (Table 5.6). However, the increases were not 
considerable to be adequate to induce drowsiness.  This is similar to PVT results, and it shows 
that the observed drowsiness in the presence was mainly induced by vibration.  
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Figure 5.5: Figure shows the average (mean ± SEM) of subjective sleepiness scale (KSS) for all the volunteers in 
no vibration condition. 
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Table 5.6: Table shows statistical analysis of subjective sleepiness scale (KSS) for eighteen volunteers for five 
interval session in no vibration condition. 
Subjective Sleepiness 
Scale (KSS) 
Before  
Test-run 
5–min 
Sitting 
10-min 
Sitting 
15-min 
Sitting 
After 20–min 
Sitting 
Mean 1.86 2.0 2.29 2.71 2.86 
Std. Deviation (SD) 0.69 0.58 0.49 0.49 0.69 
Std. Error of Mean (SEM) 0.26 0.22 0.18 0.18 0.26 
Lower 95% CI of mean 1.22 1.47 1.83 2.26 2.22 
Upper 95% CI of mean 2.50 2.53 2.74 3.17 3.50 
Coefficient of variation (CV) 37.16% 28.87% 21.35% 17.98% 24.15% 
 
5.4.3 Correlation 
Furthermore, we interrogated the relationship between subjective (KSS) and objective (PVT) 
findings of this study by the use of Pearson's (r) correlation. Figure 5.6 demonstrates a 
moderate positive correlation (r=0.4-0.55) between these measures, except in fastest 10% RT 
(r=0.28). A positive correlation indicates that impairment in reaction time was closely related 
to subjective self-reported sleepiness, and the relationship was statistically significant (p < 
0.05). 
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Figure 5.6: Figure shows the correlation between six PVT metrics and subjective sleepiness Scale score (KSS) for 
all eighteen volunteers. KSS score before the experiment and after 20-minutes of the vibration exposure was 
used to determine the correlation between KSS and PVT. Moderate correlation (r > 0.4) between objective 
measurement (PVT) and subjective measurement (KSS) can be observed in all PVT metrics except in fastest 10% 
RT (r = 0.28). 
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5.5 Discussion 
Exposure to vibration was found to influence the human sleep-wake cycle. The human sleep-
wake cycle is governed by two systems: the circadian rhythm; and the homeostasis system  
[93], [151], [152]. Circadian rhythm is a sinusoidal cycle of 24 hours while the homeostasis 
system will increase exponentially with time spent awake. According to the available 
literature, PVT performance is affected by both circadian rhythm and homeostasis processes 
[151]. When humans are exposed to vibration, vibration will act as an extrinsic stressor on 
the body. Prolonged exposure to vibration activates the homeostasis system that sends a 
signal to the brain to determine the counterbalance action. Due to the complexity of the 
signal, the brain sensor can become inactive thereby causing drowsiness.  
Driver drowsiness has been one of the primary causes of road accidents. However, drowsiness 
that is caused by vehicle vibration is not well understood or investigated. This study examined 
the relationship between human drowsiness levels and exposure to whole-body vibration as 
can be experienced during driving. We demonstrated that the increase of human drowsiness 
level, measured by the six performance metrics of the PVT test and subjective sleepiness 
rating significantly correlated with exposure to vibration. These data support the hypothesis 
that exposure to vibration (random vibration with 1-15 Hz frequency band) even for as little 
as 20-minutes causes drowsiness and adversely affects psychomotor performance as 
measured by reaction time. Significant decreases of reaction time and increases in the 
number of lapses were found in all eighteen volunteers. High effect sizes were observed for 
the reciprocal metrics mean 1/RT and mean RT, which indicates large statistical and clinical 
differences between before exposure and after 20-minutes exposure to vibration. Together 
these findings also suggest a high degree of sensitivity for PVT metrics (mean 1/RT and mean 
RT), in detecting a vibration-induced decline in alertness. The average number of PVT metrics 
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lapse also shows high effect sizes and a significant increase after exposure to vibration. It has 
also been reported that reaction time impairment is the most common and persistent finding 
in sleep deprivation and drowsiness [97], [98], [135], [146], [151], [153]. Our results 
demonstrate, for the first time that exposure to whole-body vibration is also a possible 
mechanism for reaction-time impairment under driving conditions. As expected, results from 
subjective measurement (KSS) also shows a significant declination of alertness level for all the 
volunteers after 20-minutes exposure to vibration. KSS scale of 6 indicates that some sign of 
sleepiness may exhibit. According to Figure 5.4, it should be noted that even 15-minutes 
exposure to vibration has induced drowsiness to the volunteers, and the drowsiness 
symptoms were more pronounced with exposure to vibration for longer than 15-minutes.  
Various methods have been proposed in the past to assess human drowsiness and 
performance, such as measuring brainwave activity using electroencephalography (EEG). 
[76], [82]–[84]  method has the ability to measure changes in brainwave power spectrum. 
However, the implementation of EEG in the real environment is still challenging. Brainwave 
activity signals measured by the electrode on the human scalp can be easily distorted by 
movement artefacts such as muscle activity and eye movement [90]. Placement of EEG 
electrodes may be uncomfortable and therefore impractical [76], [91], [92]. Hence, an 
alternative method that is more reliable and accurate and suits driving conditions needs to 
be selected for these studies. PVT was preferred to EEG method as it was reliable, practical, 
extensively characterised and had a high degree of sensitivity to changes in alertness. In 
addition, PVT displays minimal learning effects that make it an ideal research instrument. 
The assessment and guidelines of human ride comfort caused by vibration are reasonably well 
founded in ISO 2631-1 (1997) International Standard [13]. Following that, the relevant 
weighting factor has been established to represent the human perception of vibration. 
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Although the guidelines for health effect due to exposure to vibration are well documented, 
there is little quantitative research data available on the influences of vibration on seated 
human drowsiness. In many studies, the relationship between vibration and drowsiness has 
been assumed without supporting research. This study demonstrates a link between 
exposure to vibration and drowsiness, at least under these experimental conditions. More 
research is required to investigate the effect of vibration at higher amplitude on drowsiness 
level.  Therefore, it is imperative to characterize further this association under combined 
noise and vibration conditions that more closely resemble driving and to identify the 
component of noise and vibration that are most responsible for the decline in driver alertness.  
 
5.6 Conclusion 
This is to our knowledge the first study to investigate the effects of whole-body vibration on 
seated human alertness and drowsiness. Our data clearly demonstrate that exposure to 
vibration has considerable influences on human reaction time and subjective sleepiness 
levels. These findings need to be further investigated in correlation with driving behaviour 
(steering entropy). This line of research can then assist in the development of practical and 
relevant guidelines of vibration exposure limits in the automotive industry, in an effort to 
reduce the burden of disease of road accidents.  
 
 
 
Part of this chapter has been used in the following publications: 
Amzar, M., Fard, M., Azari, M., Benediktsdttir B, Arnardttir ES, Jazar, R., Maeda, S., (2015). 
Influence of vibration on seated occupant drowsiness, Industrial Health Journal. 
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Chapter 6 
Effect of Vibration Amplitude Level on 
Seated Occupant Reaction Time  
6.1 Background of Study 
he past decade has seen the rapid development of vibration comfort in the 
automotive industry. However, little attention has been paid to vibration 
drowsiness. Eighteen male volunteers were recruited for this experiment. Before 
commencing the experiment, total transmitted acceleration measured at interfaces between 
the seat cushion and seatback to human body was adjusted to become 0.2 ms-2 r.m.s and 0.4 
ms-2 r.m.s for each volunteer.  Seated volunteers were exposed to Gaussian random vibration 
with frequency band 1-15 Hz at two level of amplitude (low vibration amplitude and medium 
vibration amplitude) for 20-minutes in separate days. For the purpose of drowsiness 
measurement, volunteers were asked to complete 10-minutes PVT test before and after 
vibration exposure and rate their subjective drowsiness by giving score using Karolinska 
Sleepiness Scale (KSS) before vibration, every 5-minutes interval and following 20-minutes of 
vibration exposure. Strong evidence of drowsiness was found as there was a significant 
T 
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increase in reaction time and number of lapse following exposure to vibration in both 
conditions. However, the effect is more apparent in medium vibration amplitude. A steady 
increase of drowsiness level can also be observed in KSS in all volunteers. However, no 
significant differences were found in KSS between low vibration amplitude and medium 
vibration amplitude. The results of this investigation suggest that exposure to vibration has 
an adverse effect on human alertness level and more pronounced at higher vibration 
amplitude. Taken together, these findings suggest a role of vibration in promoting drowsiness, 
especially at higher vibration amplitude.  
 
6.2 Introduction 
The understanding, assessment and prediction of seated occupant drowsiness in various 
transportation vehicles have been a topic of interest for many decades. Drowsiness can be 
attributed to many things such as sleep deprivation and alcohol influence [109], [154]. 
Although the national and international standards have been drafted to define the health 
risks and behaviour of the human body when subjected to vibration for which guidelines and 
thresholds are established including weighting filters to estimate ride comfort, however, the 
formulation of drowsiness caused by vehicle vibration is not well understood or investigated. 
This is because drowsiness is multifactorial.  Drowsiness criteria are importance as it affects 
comfort (perception of quality), safety (judgement, concentration level) and health (long term 
exposure causes muscular-skeletal injuries).  
Although many studies have contributed much to the understanding and prediction of the 
subjective human body response to vibration [24], [31], [155]–[157], little studies have 
considered the effect of vibration on drowsiness level for seated occupant in the vehicle. In 
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other words, there is little knowledge to examine how the vehicle vibration influence the 
alertness level and how can we quantitatively measure the drowsiness caused by vibration.  
 
6.3 Methods 
6.3.1 Volunteers 
Eighteen male and healthy university students with mean age 23.0 ± 1.3 years participated in 
this study. They were 168.2 ± 4.0 cm and weighed 69.3 ± 9.88 kg. The average BMI of 
volunteers was 22.6 (SD=2.54) kg/m². None of the volunteers had a history of neck pain, 
diseases of the cervical spine or musculoskeletal disorders. They had normal hearing and 
vision. Volunteers were also screened using the Epworth Sleepiness Scale (ESS) to detect any 
abnormalities in sleepiness [132]. Volunteers with a score > 10, indicating excessive sleepiness 
were excluded from the experiment [23]. They were also instructed to have sufficient sleep 
the day before the experiment. The total ESS score ranged from 0 to 24; scores below 7 were 
considered as normal, scores between 8 to 10 as moderate sleepiness, scores between 11 to 
15 was applied to define an elevated risk, whereas scores above 16, severe excessive daytime 
sleepiness (EDS) [158], was considered as high risk of falling asleep in various monotonous 
situations [119].  
6.3.2 Ethical Considerations 
Volunteers were recruited from university students. They were fit and healthy. They were 
provided with verbal and written explanations of the purpose and contents of the 
experiment. They were also informed that they have right to refuse participation in the 
experiment, and the results of the experiment would remain confidential. Following this, 
informed written consent form was obtained from all the volunteers after the procedure of 
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the experiment was explained, and the laboratory facilities were introduced to them. The 
vibration exposure was set at a level that did not affect the health according to ISO 2631-1 
(1997) International Standard. The experimental protocol was reviewed and approved by the 
RMIT University Human Research Ethics Committee (Approval Number: EC 00237). 
6.3.3 Apparatus 
The experiment set-up for drowsiness assessment has been developed. An actual vehicle seat 
with adjustable headrest was used. The seat was mounted on a cast aluminium table (2 m x 
1.2 m x 1.2 m), and the table was mounted on four air mountings (regulated to 20 psi). The 
seatback inclination angle was set at 15° to the vertical direction.  The excitation input force 
for the table was provided by the servo-controlled hydraulic actuator (5 kN) that was placed 
vertically at the corner of the table. The off-centre excitation will provide multi-axial input 
power in different orientations. It also generates typical vibration that is usually generated on 
the vehicle seat mountings. The vibration table below the seat was designed to be 
dynamically rigid in frequencies below 200 Hz. This is to ensure that there is no interaction 
with vehicle seat structural dynamics. Prior to drowsiness measurement, measurement of 
total transmitted vibration to each volunteer have been done in accordance with ISO 2631-1 
(1997) (evaluation of human exposure to whole-body vibration). The measurement was 
carried out to adjust the required hydraulic input force for every volunteer to become 0.2 ms-
2 r.m.s and 0.4 ms-2 r.m.s.  
6.3.4 Experiment Procedures 
The experiment was conducted in the controlled laboratory. The volunteers were instructed 
to avoid any caffeine intake and maintain a regular sleep pattern a week before the 
experiment. The experiment started at 9.00 AM. Before commencing the experiment, 
volunteers were screened using Epworth Sleepiness Scale (ESS). Score more than 10 will be 
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excluded from the experiment. To minimise the learning effect practise session was given to 
all volunteers. Volunteers were required to complete two conditions of transmitted vibration 
that were randomly organised.  
 (a) Low amplitude vibration  0.2 ms-2  r.m.s 
 (b) Medium amplitude vibration  0.4 ms-2  r.m.s 
 
6.3.4.1 Objective Drowsiness Measurement (PVT) 
Vigilance was assessed with the PC-based Psychomotor Vigilance Test (PVT-192: Ambulatory 
Monitoring Inc., Ardsley, New York) [93], a 10–minutes visual reaction time task that 
evaluates sustained attention in two conditions; before vibration exposure and after vibration 
exposure as shown in Figure 6.1.  Volunteers were instructed to respond to the appearance 
of a visual stimulus by clicking a mouse as quickly as possible. The visual stimulus was a red 
light emitting diode displaying time in milliseconds. The inter-stimulus interval is between 2-
10 second. From each PVT condition, three PVT performance metrics that are average 
Figure 6.1: Experiment procedures comprises two session of PVT and 20-minutes exposure to vibration. 
Volunteers were asked to give a score on subjective sleepiness scale (KSS) in every 5-minutes. 
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reaction time, the number of lapses and median reaction time were extracted using a 
software program. A response is considered valid if it is > 100 ms.  A response less than 100 
ms will indicate a false signal.  
During vibration condition, volunteers were asked to sit comfortably with their back on the 
backrest and hands on their lap. The volunteers were required to sit with their feet firmly 
placed on the footrest. The footrest was not connected to the vibration table and was isolated 
from the vibration. Volunteers were also instructed to limit any physical movement. 
Volunteers were exposed to a Gaussian random vibration, with 1-15 Hz frequency bandwidth, 
for 20-minutes. Similar experimental procedures were applied for no vibration condition. 
Volunteers were asked to take a seat for 20-minutes after completed first PVT test. Second 
PVT test will be conducted immediately after 20-minutes of sitting. 
6.3.4.2 Subjective Drowsiness Measurement (KSS) 
Volunteers rated their subjective sleepiness using Karolinska Sleepiness Scale (KSS) before 
vibration exposure, every 5-minutes of vibration and after vibration exposure [122]. The 
rating was initiated by the test leader saying KSS. The KSS scale consist of the following scores: 
1 = extremely alert, 2 = very alert, 3 = alert, 4 = rather alert, 5 = neither alert or sleepy, 6 = 
some sign of sleepiness, 7 = sleepy, but no effort to stay awake, 8 = sleepy, some effort to 
stay awake, 9 = very sleepy, great effort to stay awake. No conversation was permitted 
between the volunteer and the test leader, unless in the event of an emergency.  
6.3.5 Statistical Analysis 
Statistical analysis was performed using GraphPad software (GraphPad Prism 6). All data were 
checked for normality prior analysis. Changes in PVT performance metrics (minor lapse,  mean 
RT,  median RT) for two conditions (low amplitude vibration and medium amplitude vibration) 
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were verified by paired t-test comparison. Error bars in the figure indicate standard error 
mean (SEM) of the average values. Single tailed (p < 0.05) was considered statistical 
significance. Effect sizes were calculated to determine the magnitude of the differences 
between two variables. These values were calculated as the average of within-Volunteers 
difference divided by the standard deviation of the within-volunteers difference. Therefore, 
effect sizes increase with the magnitude of within–volunteers difference and decrease with 
increasing variability of the differences.  Effect sizes above 0.8 indicate substantial statistical 
and clinical difference. Effect sizes above 0.5 indicate moderate statistical and clinical 
differences [159]. One-way repeated measures - Analysis of Variance (Repeated measures-
ANOVA) was used to assess the changes in subjective sleepiness over the course of vibration 
exposure. Correlation between the objective measure and subjective measure was calculated 
using Pearson's (r) correlation coefficient. 
 
6.4 Results 
6.4.1 Psychomotor Vigilance Test – (PVT) 
Influence of difference transmitted vibration amplitude (ms-2) on human drowsiness level, 
measured by PVT, is presented in Fig 6.2. The following three PVT metrics were assessed and 
included in the analyses: (1) minor lapse, (2) mean RT and (3) median RT. Each panel of the 
figure shows the average and standard error of the mean (SEM) of each PVT metric before 
exposure and after 20-minutes of exposure to vibration in both conditions (low vibration 
amplitude - 0.2 ms-2 r.m.s and medium vibration amplitude - 0.4 ms-2 r.m.s). Comparison of 
three PVT metrics before exposure and after exposure to vibration showed that the 20-
minutes exposure to vibration had a significant (p < 0.05) influences on volunteer's RT in both 
conditions (low vibration amplitude - 0.2 ms-2 r.m.s and medium vibration amplitude - 0.4 ms-
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2 r.m.s).  Significant increases of reaction time and increases in the number of lapses were 
found in all eighteen volunteers. 
From the data in Figure 6.2, we can see that, following 20-minutes exposure to vibration, the 
average number of PVT lapses (mean ± SEM)   in both conditions across eighteen volunteers 
were increased from (1.67 ± 0.36 to 3.67 ± 0.58, p = 0.0018 in low vibration amplitude  - 0.2 
ms-2 r.m.s and from 1.71 ± 0.36 to 4.86 ± 0.46, p = 0.0002) in medium vibration amplitude - 
0.4 ms-2 r.m.s, indicating decreased in alertness level. A comparison of the two results reveals 
that the mean difference in medium vibration amplitude (0.4 ms-2 r.m.s) is greater than low 
vibration amplitude (0.2 ms-2). Considerable changes demonstrate that the effect of vibration 
amplitude on the human lapse of attention is more pronounced in medium vibration 
amplitude (0.4 ms-2 r.m.s), and the result is significant (p = 0.0024). 
A statistical significance increase in reaction time could also be seen in mean RT in both 
conditions in all eighteen volunteers (low vibration amplitude 0.2 ms-2 and medium vibration 
amplitude 0.4 ms-2). Due to exposure to vibration, volunteers’ mean RT was increased from 
(283.3 ± 6.24  to 320.2 ± 10.68, p < 0.0001 in low vibration amplitude - 0.2 ms-2 and from 281.1 
± 6.56 to 360.6 ± 11.50, p  < 0.0001 in medium vibration amplitude - 0.4 ms-2). Comparing the 
two results, it can be seen that the mean difference of mean RT in medium vibration 
amplitude (0.4 ms-2) is greater than low vibration amplitude (0.2 ms-2). This provides sufficient 
evidence that exposure to medium vibration amplitude (0.4 ms-2)  has a greater influence on 
human drowsiness level specifically in volunteer mean RT and the result are statistically 
significant (p = 0.0027). 
As shown in Table 6.1, there was also an increase of PVT metrics – median RT following 
exposure to low vibration amplitude 0.2 ms-2 and medium vibration amplitude 0.4 ms-2. 
Volunteer median RT was increased from 268.5 ± 7.21  to 301.3 ± 9.68, p = 0.0020 in low 
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vibration amplitude - 0.2 ms-2 and from 268.3 ± 7.89 to 329.1 ± 10.13, p  < 0.0001 in medium 
vibration amplitude - 0.4 ms-2. The Larger mean difference in medium vibration amplitude -
0.4 ms-2 indicates pronounced drowsiness effect on human alertness level due to higher 
vibration amplitude. 
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Figure 6.2: PVT metrics in both vibration conditions (Low amplitude and medium amplitude). A significant 
increase of reaction time (Mean RT, Median RT) and a number of lapses can be observed after 20-minutes 
exposure to vibration.  
Note:  **** Extremely significant *** Very significant ** Significant 
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Table 6.1: Comparison of PVT metrics between low vibration amplitude and medium vibration amplitude is 
shown. It clearly can be observed that there were substantial changes in the reaction time of all PVT metrics in 
vibration conditions. However, the increase is more pronounced in medium amplitude vibration.  
 
Low Amplitude Vibration 0.2 ms-2 Medium Amplitude Vibration 0.4 ms-2 
 Before Exposure 
(mean ± SEM) 
After Exposure 
(mean ± SEM) 
Before Exposure 
(mean ± SEM) 
After Exposure 
(mean ± SEM) 
Minor lapse 1.67 ± 0.36 3.67  ± 0.58 1.71 ± 0.36 4.86 ± 0.46 
Mean RT  283.1 ± 6.24 320.2 ±10.68 281.1 ±  6.56 360.6 ± 11.50 
Median RT  268.5 ± 7.21 301.3 ± 9.68 268.3 ±  7.89 329.1 ± 10.13 
 
In order to determine the magnitude of the reaction time changes between before and after 
vibration exposure in both conditions, effect sizes for all PVT metrics were calculated and 
were shown in Table 6.2. Effect sizes will increase with the magnitude of within–Volunteers 
difference and decrease with increasing variability of the differences. Based on the above 
definitions, PVT metrics was arranged according to their effect sizes and sensitivity to 
vibration. As can be seen in low vibration amplitude condition - 0.2 ms-2  in Table 6.2, median 
RT showed high effect size (ES  = 0.838) of the difference between before and after 20-
minutes exposure to vibration that indicated stronger sensitivity to vibration followed by 
mean RT (ES = 0.796) and minor Lapse (ES = 0.632). Effect sizes more than 0.5 also indicates 
moderate statistical and the clinical difference between two variables. However, in medium 
vibration amplitude condition, a high magnitude of the differences before and after vibration 
exposure can be observed in mean RT (ES = 0.848), followed by minor lapse (ES = 0.821) and 
median RT (ES = 0.784). 
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A comparison of the two results between low amplitude vibration and medium amplitude 
vibration reveals that there was a significant difference between the two conditions. 
However, the effect is more pronounced in medium amplitude vibration that has higher effect 
sizes. Further analysis showed that mean RT was a sensitive PVT metrics in both amplitude 
vibration conditions. 
Table 6.2:  Effect size for PVT metrics in both vibration conditions. Higher effect size indicates the higher 
magnitude of the difference between two variables. Median RT shows a large effect size at low amplitude 
vibration while mean RT shows a large effect size at medium amplitude vibration. 
 Low Amplitude Vibration 0.2 ms-2 Medium Amplitude Vibration 0.4 ms-2 
Rank PVT metrics Cohen’s D Effect size PVT metrics Cohen’s D Effect size 
1 Median RT 1.57 0.838 Mean RT 3.21 0.848 
2 Mean RT 1.52 0.796 Minor lapse 2.88 0.821 
3 Minor lapse 1.45 0.632 Median RT 2.53 0.784 
 
6.4.2 Karolinska Sleepiness Scale – (KSS)  
Subjective sleepiness score (KSS) for low amplitude vibration and medium amplitude 
vibration were plotted against time and were shown in Figure 6.3. Significant increases in KSS 
score between before vibration exposure and every subsequent 5-minutes of exposure to 
vibration were detected using repeated measures-ANOVA test (p < 0.0001) for all eighteen 
volunteers in both conditions. Figure6.3 shows a definite decline in alertness level indicated 
by a progressive increase in subjective sleepiness score throughout the course of exposure to 
vibration in both vibration amplitude conditions (0.2 ms-2 r.m.s. and 0.4 ms-2 r.m.s.).  
As can be seen from the Table 6.3 and 6.4, the average KSS score (mean ± SEM) before 
vibration exposure for low vibration amplitude and medium amplitude vibration were  2.56 ± 
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0.16 and 2.72 ± 0.19 respectively. However, a comparison of two results showed that there 
was no statistical significance difference (p > 0.05) between both vibration amplitude 
conditions before vibration exposure. 
Following 10-minutes of vibration exposure, the average KSS score for all volunteers steadily 
increased to 5.56 ± 0.35 (mean ± SEM) in low vibration amplitude and 6.06 ± 0.15 (mean ± 
SEM) in medium vibration amplitude. A slight difference between the obtained values, 
however, was not significant (p > 0.05). As Table 6.3 and 6.4 show, drowsiness was 
pronounced after 20-minutes exposure to vibration with KSS values of 6.78 ± 0.33 (mean ± 
SEM) in low amplitude vibration and 7.61 ± 0.12 (mean ± SEM) in medium vibration 
amplitude. It clearly indicates decrement of alertness level in all volunteers following 20-
minutes exposure to vibration. 
To investigate statistical significance, one-way repeated measures-ANOVA was carried out. It 
was found out that intra-individual and inter-individual differences of all eighteen volunteers 
were highly significant (p < 0.0001) in each vibration condition. However, no significant 
differences were found between low amplitude vibration and medium vibration amplitude. 
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Figure 6.3: The mean of subjective sleepiness scores (KSS) for all the volunteers in two vibration conditions (low 
amplitude vibration and medium amplitude vibration) are shown. 
Table 6.3: Summary of subjective sleepiness score for low amplitude vibration 0.2 ms-2 r.m.s. 
 Before test-
run 
5-
minutes 
10-
minutes 
15-
minutes 
After 20-
minutes 
Mean 2.56 4.33 5.56 6.39 6.78 
Std. Deviation 0.70 1.41 1.50 1.61 1.40 
Std. Error of Mean 0.17 0.33 0.35 0.38 0.33 
Lower 95% CI of mean 2.21 3.63 4.81 5.58 6.08 
Upper 95% CI of mean 2.91 5.04 6.30 7.19 7.47 
Coefficient of variation 27.58% 32.64% 27.07% 25.26% 20.59% 
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Table 6.4: Summary of subjective sleepiness score for medium amplitude vibration 0.4 ms-2 r.m.s. 
 Before test-
run 
5-
minutes 
10-
minutes 
15-
minutes 
After 20-
minutes 
Mean 2.72 4.33 6.06 6.94 7.61 
Std. Deviation 0.82 0.84 0.64 0.64 0.50 
Std. Error of Mean 0.19 0.19 0.15 0.15 0.12 
Lower 95% CI of mean 2.31 3.91 5.74 6.63 7.36 
Upper 95% CI of mean 3.13 4.75 6.37 7.26 7.86 
Coefficient of variation 30.36% 19.39% 10.55% 9.20% 6.59% 
 
6.5 Discussion 
Prior research in this studies has noted the effect of low amplitude vibration on seated human 
drowsiness. A strong relationship between vibration and drowsiness level has been reported, 
and the obtained results showed a significant increase in reaction time following 20-minutes 
exposure to vibration [160]. Findings from this study corroborate the ideas of [160], who 
suggested that increasing the amount of vibration amplitude may impair the human alertness 
level more.  
In the current study, comparing low amplitude vibration (0.2 ms-2 r.m.s) with medium 
amplitude vibration(0.4 ms-2 r.m.s) showed that the degree of drowsiness measured by PVT 
indexes was more pronounced when the amplitude of vibration is doubled. By increasing the 
transmitted vibration to the human body, the drowsiness level becomes more apparent, and 
the result was very significant. These findings confirm the association between vibration 
exposure and drowsiness level. Another important finding was that the investigation did not 
show any significant difference in subjective measurement (KSS) in both conditions of 
vibration. It was hypothesized that participants could not a give good judgement of 
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drowsiness level when they were drowsy. This finding was consistent with the current 
literature [161]. 
This finding has important implication for developing a drowsiness contour that provides a 
comprehensive guideline in whole-body vibration area. However, more research on this topic 
needs to be undertaken before the association between vibration exposure, and drowsiness 
level is more clearly understood. 
6.6 Conclusion 
The present study was designed to determine the effect of vibration on seated occupant. The 
results obtained support the hypothesis that vibration has considerable influences on human 
drowsiness level. Comprehensive objective measurement (PVT) and subjective evaluation 
(KSS) have been carried out in order to assess the effects of vibration on the seated occupant. 
From this investigation, the obtained result shows that the medium amplitude vibration (0.4 
ms-2 r.m.s) has a higher level of drowsiness perceived by volunteers compared to low vibration 
amplitude. However, no significant difference were found in subjective drowsiness level 
measured by KSS in both conditions of vibration. The substantial increase in reaction time and 
number of lapse measured by PVT test were observed in both conditions with a higher degree 
of error in medium amplitude vibration. This study concludes that, with the increasing 
amount of vibration amplitude level, the slower reaction time made by volunteers that 
indicate the increased level of drowsiness.  
 
Part of this chapter has been used in the following publications: 
Amzar, M., Fard, M., Azari, M., Benediktsdttir B, Arnardttir ES, Jazar, R., Maeda, S., (2015). 
Influence of vibration on seated occupant drowsiness, Industrial Health Journal. 
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Chapter 7 
Effect of Vibration on Occupant Driving 
Performances: Measured by Driving 
Simulator 
7.1 Background of Study 
lthough much research has been devoted to the characterization of the effects 
of whole-body vibration on seated occupants’ comfort, drowsiness induced by 
vibration has received less attention to date. There are also less validated 
measurement methods available to quantify whole body vibration-induced drowsiness in 
vehicle occupants. Here, twenty male volunteers were recruited for this experiment. 
Experiment procedures comprised of two 10-minutes simulated driving sessions under no-
vibration conditions and under vibration that were randomly organised. Gaussian random 
vibration, with 1-15 Hz frequency bandwidth at 0.2 ms-2 r.m.s. for 30-minutes was used. 
During the driving session, volunteers were required to obey the speed limit of 100 kph and 
maintain a steady position on the left-hand lane. A deviation in lateral position, steering angle 
and vehicle speed were recorded and analysed. Alternatively, volunteers also rated their 
subjective drowsiness by Karolinska Sleepiness Scale (KSS) scores every 5-minutes. 
A 
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Significant evidence of driving impairment following 30-minutes of exposure to vibration was 
found in all volunteers (p < 0.01) that was also linked to drowsiness.  
 
7.2 Introduction 
Drowsiness is one of the leading causes of accidents on motorways and major roadways, 
accounting for approximately 20% of road accidents worldwide [1]. Drowsiness, which refers 
to sleepiness, is a multifactorial state that may lead to inappropriate driving behaviour such 
as lack of awareness, poor judgement and slowed reaction times [2]. In addition, drowsiness 
as a result of alcohol intake or monotonous driving conditions or night driving is known to 
significantly influence driving performance, compromising transportation safety [161], [172], 
[96], [173]. Although the performance of vehicle drivers has been well investigated under 
various conditions, vibration-induced drowsiness is not well-characterised. Relationships 
between amplitude and frequency of vibration and drowsiness levels have been assumed 
without sufficient quantitative data. 
 According to ISO 2631-1 (1997) International Standards [13], the transmitted vibration to the 
seated human body has a significant influence on human perception and ride comfort [4], 
[150], [45]. Exposure to vibration also has been found to correlate with a range of 
physiological reactions of the human body such as lower back pain and reduction in heart rate 
variability [26], [98]. Although many studies have contributed much to the understanding and 
prediction of the subjective human body response to vibration [24], [155]–[157], few studies 
have considered the effect of vibration specifically on drowsiness levels for seated occupants 
in the vehicle. Therefore, there is considerable scope for defining the exact effects of vehicle 
and particularly seat vibration on driver drowsiness levels. According to several published 
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reports on drowsiness and vehicle control, there is a close relationship between drowsiness 
and vehicle lateral control (standard deviation of lateral position-SDLP, steering angle 
variability) as well as longitudinal control (speed deviation) [61], [162]. SDLP is calculated as a 
standard deviation of the average lateral position and corresponds to the amount of weaving 
in the car and increases in SDLP may ultimately result in the lane crossing into the road 
shoulder and adjacent traffic lane. Steering angle variability is calculated as a deviation from 
the center of steering angle. Zero deviation means the center of the vehicle coincides or is 
parallel to the center of lane position. Speed adjustment from the posted speed limit will 
result in speed deviation.  A broader perspective has been adopted by Boer et al. to measure 
and predict the behaviour of the driver while a driving a vehicle.  A method developed by Boer 
et al. [112], [115] called steering entropy was introduced to quantify the randomness of 
steering correction Behavior. High entropy index will indicate the unpredictability of steering 
correction that might result from reduced or diverted attention.  
Therefore, the primary dependent variables for this investigation were volunteers’ SDLP 
measured from simulated driving vehicle, steering angle variability, speed deviation, and 
steering entropy. Although many studies have attempted to demonstrate the links between 
driving performance and drowsiness, drowsiness caused by vehicle vibration has not been 
experimentally assessed by simulated driving. Therefore, it was also important to investigate 
the feasibility and utility of simulated driving in the detection of drowsiness caused by 
vibration. Hence, it was the primary aim of this study to investigate the effects of vibration on 
human drowsiness level using both objective (Simulated Driving Test) and subjective 
(Karolinska Sleepiness Scale) measurement methods. 
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7.3. Methods 
7.3.1. Recruitment and Screening 
Twenty young male (n = 20) participated in this investigation with a mean age (± SD) 23.0 ± 
1.3. They were randomly selected from university students. They had no history of low back 
pain (LBP) and normal or corrected-to-normal vision. Their demographic were recorded at 
enrolment. They were (mean ± SD) 168.2 ± 4.0 cm and weighed (mean ± SD) 64.2 ± 12.2 kg. 
The average BMI of participants was (mean ± SD) 22.6 ± 2.54 kg/m². One week prior to a 
laboratory experiment, volunteers were required to maintain their normal amount of sleep 
(between 7 and 9 h) and keep a normal sleep schedule. Therefore, they were asked to keep a 
sleep diary of when they go to sleep at night and wake up each day. All volunteers were 
screened using Pittsburgh Sleep Quality Index (PSQI) to measure the sleep quality [163]. 
Volunteers who showed poor sleep quality index (PSQI > 5) were excluded from the 
investigation.  
7.3.2 Ethical Considerations 
Before the investigation, volunteers were provided with verbal and written explanations on 
the purpose and contents of the experiment. They were also informed that they have right to 
refuse participation in the experiment, and the results of the experiment would remain 
confidential. Following this, the informed written consent form was obtained from all the 
volunteers after the procedure of the experiment was explained, and the laboratory facilities 
were introduced to them. The experimental protocol was reviewed and approved by the RMIT 
University Human Research Ethics Committee (Approval Number: EC 00237). 
7.3.3 Experiment Setup 
The experiment setup for drowsiness assessment is illustrated in Figure7.1. The vehicle seat 
with adjustable headrest was mounted on a vibration table. The vibration table was mounted 
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on four air cushions. The vehicle seat’s inclination angle was set at 15° to the vertical direction. 
Experiment set-up has been developed with a single vertical hydraulic actuator to replicate 
the vibration perceived by seated occupant in a moving vehicle. Although, the input vibration 
was not independent on each axis. However, the input vibration generated from the hydraulic 
vertical actuator is located below the table away from the centre of the table. The off-centre 
excitation provides the multi-axial (x,y, z-axis) input vibration.  
This vibration setup also was built to be somewhat similar to the vibration that is transferred 
from the vehicle floor to the seat. Prior to drowsiness measurement, measurement of total 
transmitted vibration for each volunteer has been done in accordance with ISO 2631-1 (1997) 
International Standards [13]. The total transmitted vibration was measured both from the 
vehicle’s seatback and seat pan. The measurement was carried out to adjust the required 
hydraulic input force for every volunteer to become 0.2 ms-2 r.m.s. 
   
                                               (a)                                                                                       (b) 
Figure 7.1: (a) Schematic drawing of the experiment setup. An actual vehicle's seat was mounted on a vibration 
table. A hydraulic actuator located at the corner of the table will provide multi-axial input to the volunteer. A 
simulator also consists of a personal computer, a monitor and peripheral steering wheel, accelerator, and brake 
accessories. (b) Forward view of simulated driving software. Volunteers were required to obey the speed limit 
of 100 kph and maintain a steady position on the left-hand lane. 
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7.4 Drowsiness Measurement 
7.4.1 Objective Measure (Simulated Driving Test) 
Occupant driving performances were tested on the York driving simulator software (York 
Computer Technologies, Kingston, Ontario, Canada) as shown in Fig 7.1. The simulator has 
been determined to be an ecologically valid research tool to measure psychomotor 
performance related to driving [164], [165]. The simulator consists of a personal computer, a 
monitor, gas pedal, brake pedal, and steering wheel. A highway driving scenario was 
developed in which volunteers were presented with a forward view from the driver’s seat.  
 The two primary instruction for volunteers are: 
  1. Maintain a steady position within the left traffic lane during the entire test. 
  2. Maintain a constant speed (usually 100 km/hour). 
Outcome variables measured by the simulator included (a) standard deviation of lateral 
position (SDLP) (b) speed deviation and (c) steering angle variability. The variation in these 
three outcome measures shows how well the volunteers able to conduct the test according 
to this instruction. 
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Figure 7.2: SDLP and steering angle variability were calculated as a deviation from the center of lane position. 
Zero deviation occurs when the center of the vehicle coincides with the center of lane position. Speed deviation 
is measured as the deviation from the posted speed limit (100 kph). 
7.4.2 Subjective Measure (Karolinska Sleepiness Scale-KSS) 
Subjective drowsiness level was assessed using Karolinska Sleepiness Scale (KSS). KSS is a self-
reported and subjective assessment of sleepiness that measures changes in sleepiness level 
at the time. It is a 9-point Likert scale varied from 1 = extremely alert, 2 = very alert, 3 = alert, 
4 = rather alert, 5 = neither alert nor sleepy, 6 = some sign of sleepiness, 7 = sleepy, but no 
effort to stay awake, 8 = sleepy, some effort to stay awake, 9 = very sleepy, great effort to 
stay awake. KSS has been widely used as a prediction tool particularly to measure the changes 
over time of sleepiness/drowsiness level. Lower KSS scores (< 5) may indicate a difference 
state of alertness level. Higher KSS scores (> 7) may refer to the state of drowsiness where 
subjects may experience involuntary dozing behaviour and frequent lapse episodes. At every 
5-minutes interval during the simulated driving task, volunteers were prompted by the word 
“KSS” by the investigator to provide subjective rating score according to scales visible at all 
times next to the monitor screen. 
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7.5 Experimental Procedures 
The experiment was carried out in a temperature and light controlled (21°C - 23°C, < 70 lux) 
laboratory and the noise level was below 60 dB. Volunteers arrived at the laboratory at 8.00 
h. The experiment began at 8.30 h. Prior to the experiment, all volunteers were screened 
using Epworth Sleepiness Scale (ESS) to detect any abnormalities in sleep. Those with scores 
above ten, which indicated excessive daytime sleepiness, were excluded from the 
experiment.  
Volunteers performed two separate test conditions [baseline (no-vibration condition) and 
with-vibration condition] in a randomized cross-over design, one week apart. The orders of 
two conditions were randomly ordered to avoid order-related influences. To standardise the 
learning effect, volunteers underwent a 10-minutes practice session before baseline and 
with-vibration conditions to familiarize themselves with the simulator interface. All 
volunteers were assessed at approximately the same time of the day (Figure 7.3).  
During with-vibration condition, volunteers were asked to drive for 10-minutes with no 
vibration followed by 30-minutes sitting with exposure to vibration with their eyes open. 
Volunteers were exposed to Gaussian random vibration, with 1-15 Hz frequency bandwidth. 
Total transmitted acceleration to the human body measured from seat pan and backrest was 
kept constant at 0.2 ms-2 r.m.s. Volunteers rated their subjective sleepiness scale using KSS 
before vibration exposure, every 5-minutes of vibration and after vibration exposure [121]. 
The rating was initiated by the test leader saying “KSS”. Immediately after 30-minutes sitting, 
volunteers were required to drive for another 10-minutes. Similar procedures and sitting 
arrangement as in with-vibration condition with the only difference being no vibration 
exposure were applied for 30-minutes sitting. The total duration of each condition (no-
vibration and with-vibration) is 50-minutes.  
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(a) No-Vibration condition (Baseline) 
 
 
 
(b) With-Vibration condition 
 
 
 
Figure 7.3: The volunteers were required to complete a 10-minutes driving session both before and repeated 
after 30-minutes sitting with no-vibration and with vibration. 10-minutes practice session was provided for all 
the volunteers at the beginning of every condition. 
 
7.6 Results 
7.6.1 Objective Measurement 
There were no significant differences in alertness level measured by Epworth Sleepiness Scale 
(ESS) at baseline measurement between the no-vibration condition and with-vibration 
conditions. Comparison of driving performance indexes (SDLP, speed deviation, and steering 
angle variability) and subjective sleepiness scale (KSS) between no-vibration and with-
vibration condition are presented here. 
Results of the standard deviation of lateral position (SDLP) are shown in Figure 7.4. Each panel 
of the figure shows the average and standard deviation (SD) of SDLP before and after 30-
minutes of exposure to vibration and sitting (no-vibration). From the figure, it can be seen 
that in the first 10-minutes driving, there was no significant difference in SDLP was observed 
between before no-vibration condition and before with-vibration condition (p > 0.05). As 
compared to the baseline (no-vibration condition) SDLP measure between before exposure 
and after exposure to vibration showed that 30-minutes exposure to vibration had significant 
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influences on volunteer lateral keeping performance. We found that following 30-minutes 
exposure to vibration, the deviation from a lateral position or lateral variability was 
significantly increased from (mean ± SD: 23.6 ± 0.07 to 26.2 ± 0.06; t(19) = 2.65, p < 0.05). An 
increase of 2.6 cm indicates poor lateral control by volunteers.  
The analysis of lateral variability showed difficulties in maintaining the vehicle in the middle 
of the left-hand lane when alertness was lowest following exposure to vibration. No 
significant difference was observed in the baseline (no-vibration condition) where SDLP was 
reduced from (mean ± SD: 23.5 ± 0.05 to 22.8 ± 0.04; t(19) = 0.91, p > 0.05). The repeated-
measures analysis of both conditions (no-vibration and with-vibration) revealed a significant 
difference between group variations (p < 0.01) that suggest a considerable influence of 
vibration on drowsiness level measured by SDLP. 
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Figure 7.4: This bar graph represents the mean (± SD) of SDLP for twenty volunteers in no-vibration condition 
and with-vibration condition. The measurement were taken at 10-minutes driving before and 10-minutes driving 
after 30-minutes sitting in no-vibration and 30 minutes sitting with-vibration The significant increase of lateral 
position variability (SDLP) (p < 0.01) was observed in with-vibration condition. These differences, corresponding 
to common legal limits for driving were +2.4 cm (BAC 0.05%) [111]. The changes indicate the inability of the 
volunteer to maintain straight position once subjected to 30-minutes vibration. ** p < 0.01   
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The secondary outcome index measured in this study was speed deviation. Speed deviation 
is calculated as the average sum of the differences of the vehicle speed from the posted speed 
limit. The results obtained from the speed deviation are presented in Figure 7.5. This figure 
shows the comparison of speed deviation measured for all volunteers between the no-
vibration condition and with-vibration condition. Even though there seemed to be a slight 
increase of speed deviation following exposure to 30-minutes vibration from (mean ± SD: 5.30 
± 5.96 to 6.28 ± 5.97; t(19) = 1.26, p > 0.05) and 30-minutes sitting from (mean ± SD: 4.68 ± 
3.28 to 5.59 ± 3.70; t(19) = 1.45, p > 0.05), this did not reach statistical significance (p > 0.05). 
Speed deviation did not show significant variation as compared to SDLP. These results suggest 
that speed deviation was not sensitive to levels of alertness caused by vibration as used under 
these experimental conditions. 
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Figure 7.5: This bar graph represents the mean (± SD) of speed deviation for twenty volunteers in no-vibration 
condition and with-vibration condition. The measurement were taken at 10-minutes driving before and 10-
minutes driving after 30-minutes of sitting in no-vibration and 30-minutes sitting with-vibration No significant 
changes (p > 0.05) in speed deviation were observed in both conditions (no-vibration and with vibration) 
following 30-minutes exposure to vibration and sitting. 
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The third outcome index measured in this study was steering angle variability. Steering angle 
variability is calculated as the deviation from the center of steering angle. Figure 7.6 shows 
the mean of steering angle variability measured for all twenty volunteers between the no-
vibration condition and with-vibration condition. As Figure 7.6 shows, there is a significant 
increase of steering angle variability (mean ± SD: 0.67 ± 0.20 to 0.82 ± 0.20; t(19) = 3.34, p < 
0.01) between before 30-minutes vibration and after 30 minutes exposure to vibration. Data 
for this table can be compared with the data in no-vibration condition. No significant 
differences were detected between before 30-minutes sitting and after 30-minutes sitting 
(mean ± SD: 0.69 ± 0.22 to 0.73 ± 0.28; t(19) = 0.58, p > 0.05). 
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Figure 7.6: This bar graph represents the mean (± SD) of steering angle variability for twenty volunteers in no-
vibration condition and with-vibration condition. The measurement were taken at 10-minutes driving before 
and 10-minutes driving after 30-minutes of sitting in no-vibration and 30-minutes sitting with-vibration. As can 
be seen in this figure, with-vibration condition reported significantly increase in steering angle variability than 
in no-vibration condition (p < 0.01). 
** p < 0.01   
 MOHD AMZAR AZIZAN | RMIT UNIVERSITY 121 
 
Effect of Vibration on Occupant Driving Performances: Measured by Driving Simulator 
7.6.2 Subjective Measurement (Karolinska Sleepiness Scale) 
Comparison the mean of subjective sleepiness scale (KSS) for all volunteers in both conditions 
(no-vibration and with-vibration) are plotted against time and presented in Figure 7.7. To 
investigate statistical significance, two-way repeated measures-ANOVA corrected for 
Turkey’s multiple comparisons was carried out. As illustrated here, initial KSS values did not 
differ between both conditions (p > 0.05). The average KSS value was (mean ± SD: 2.11 ± 0.57 
in with-vibration condition and 2.21 ± 0.85 in no-vibration condition) at the beginning of the 
experiment. During the first 10-minutes of driving, no significant difference was observed in 
both conditions with KSS score of (mean ± SD: 3.58 ± 1.26 in with-vibration condition and 3.16 
± 0.83 in no-vibration condition). It is apparent from Figure 7.7 that there is a definite decline 
in alertness levels indicated by a progressive increase in subjective sleepiness score 
throughout the course of exposure to vibration. The onset of drowsiness was more rapid 
following 15-minutes exposure to vibration with KSS value of (mean ± SD: 6.00 ± 1.41) 
whereas KSS value of only (mean ± SD: 4.05 ± 1.13) was observed in no-vibration condition. 
After 30-minutes, KSS value increased significantly with exposure to vibration than without 
vibration (mean ± SD: 7.89 ± 0.81 and 4.53 ± 0.70 respectively; p < 0.01). The second driving 
test was conducted after the vibration stopped. The mean sleepiness level reduced indicating 
a slight decrease in overall sleepiness level (mean ± SD: 7.26 ± 1.00 in with-vibration condition 
and 4.42 ± 0.61 in no-vibration condition). 
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Figure 7.7: The average score (mean ± SD) of subjective sleepiness scale (KSS) plotted against time for twenty 
volunteers in no-vibration condition and with-vibration condition. At the beginning of the experiment, no 
significant differences were observed between the two conditions (p > 0.05). The onset of drowsiness can be 
observed following 10-minutes of vibration exposure in with-vibration condition, and the difference was 
significant compared to no-vibration condition (p < 0.001). 
7.6.3 Correlation 
Furthermore, we interrogated the correlation between subjective measure (KSS) and 
objective measure (SDLP, speed deviation and steering angle variability of this study by the 
use of Pearson's (r) correlation. It is apparent from Figure 7. 8 (A) that, there was a significant 
positive correlation between SDLP and KSS (r = 0.972; p < 0.05) and between steering angle 
variability and KSS (r = 0.983; p < 0.05). A positive correlation indicated that impairments in 
SDLP and steering angle variability were related to subjective self-reported sleepiness, and 
the relationship was statistically significant (p < 0.05). A positive correlation between speed 
deviation and KSS did not reach statistical significance (r = 0.619; p > 0.05).  
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Further analysis between objective measures showed that there were no significant 
correlation between speed deviation and SDLP (r = 0.418; p > 0.05) and between speed 
deviation and steering angle variability (r = 0.678; p > 0.05). As expected, the correlation 
between steering angle variability and SDLP was high, and the results were significant (r = 
0.928; p < 0.05). 
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(B) 
Figure 7.8: (a) This figure shows the correlation between objective measures (SDLP, steering angle variability, 
speed deviation) and subjective sleepiness scale (KSS) in with-vibration condition. A high correlation (r > 0.9) 
between objective measures (SDLP and steering angle variability) and KSS were observed, and the results were 
significant (p < 0.05). (b) Correlation between objective measures (SDLP, steering angle variability, speed 
deviation). A highly significant correlation was observed between SDLP and steering angle variability (r = 0.928; 
p < 0.05). However, no significant correlation was observed between Speed deviation and SDLP (r = 0.418; p > 
0.05) and between speed deviation and steering angle variability (r = 0.678; p > 0.05)* p < 0.05. 
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7.4.4 Steering Entropy  
While driving a vehicle, driver continuously assesses the situation ahead by employing smooth 
and predictable steering correction. However, when getting distracted, the driver could not 
monitor the environment effectively and starting to employ a rough and unpredictable 
steering control. High entropy index will indicate the unpredictability of steering correction 
that might result from reduced or diverted attention. The predictability and the smoothness 
of steering correction were calculated by using steering entropy formula. Here, steering 
angles for the last three proceeding data points that were averaged over 150 ms periods were 
used to calculate the predicted steering angle θp (n) on the nth time point using a quadratic 
Taylor expansion in the center of (n−1). The predicted error e(n) is the difference between θp 
(n) and the steering angle θ(n) in real time at the nth time point [112] 
 
   [6] 
Which simplify to 
            [7] 
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            [8] 
Table 7.1: Entropy Index (Hp) for all twenty volunteers in no-vibration and with-vibration condition. 
  
No-Vibration (Alert) With-Vibration  (Drowsy) 
Pre-Hp Index 
Post-HP 
Index 
Pre-Hp Index Post-HP Index 
 Volunteer 1 0.26 0.25 0.30 0.43 
 Volunteer 2 0.34 0.25 0.37 0.43 
 Volunteer 3 0.30 0.30 0.32 0.63 
 Volunteer 4 0.34 0.33 0.30 0.60 
 Volunteer 5 0.33 0.26 0.34 0.83 
 Volunteer 6 0.30 0.29 0.30 0.49 
 Volunteer 7 0.33 0.32 0.31 0.34 
 Volunteer 8 0.29 0.29 0.25 0.33 
 Volunteer 9 0.17 0.17 0.20 0.48 
 Volunteer 10 0.34 0.25 0.34 0.52 
 Volunteer 11 0.30 0.32 0.30 0.62 
 Volunteer 12 0.24 0.23 0.31 0.96 
 Volunteer 13 0.30 0.29 0.27 0.30 
 Volunteer 14 0.30 0.28 0.34 0.58 
 Volunteer 15 0.25 0.25 0.25 0.32 
 Volunteer 16 0.34 0.30 0.31 0.58 
 Volunteer 17 0.30 0.31 0.32 0.48 
 Volunteer 18 0.37 0.27 0.39 0.54 
 Volunteer 19 0.25 0.21 0.24 0.45 
 Volunteer 20 0.24 0.22 0.23 0.36 
 Total Average 0.30 0.27 0.30 0.51 
 
The difference between actual 𝜃(𝑛) and predicted 𝜃𝑝(𝑛)  is defined as the prediction error 𝑒(𝑛)  as 
illustrated below 
𝑒(𝑛) = 𝜃𝑝(𝑛) − 𝜃(𝑛) 
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Figure 7.9: The bar graph represents the mean (± SD) of Entropy Index for twenty volunteers in no-vibration 
condition and with-vibration condition. A significant increase of entropy index was observed following 30-
minutes exposure to vibration that indicates the unpredictability of steering behavior that can be linked to 
drowsiness. 
* p < .05, ** p < .01, *** p < .001 
Table 7.1 shows the steering entropy values for every volunteer in both condition as well as 
an average over all volunteers while Figure 7.9 shows a graphical representation of the mean 
of steering entropy over all volunteers. Lower HP index indicates the smoother the driver’s 
steering behaviour. The decreased in steering predictability caused by drowsiness resulted in 
increased of steering entropy. 
As Figure 7.9 shows, there is a significant increase of steering entropy index following 
exposure to vibration (p < 0.001). The increase in steering entropy index indicated the 
randomness of steering correction behaviour that caused by drowsiness-inducing vibration. 
No significant difference was observed in no-vibration condition (p > 0.05).  
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7.8. Discussion 
Driver drowsiness has been one of the primary causes of road accidents [166]. However, 
drowsiness that is caused by vehicle vibration is not well understood or investigated. The 
present study was designed to determine the relationship between human drowsiness levels 
and exposure to whole-body vibration as can be experienced in a vehicle. We demonstrated 
that the increase of human drowsiness level, measured by simulated driving software and 
Karolinska Sleepiness Scale (KSS) significantly correlated with exposure to vibration. These 
data support the hypothesis that exposure to vibration (random vibration with 1-15 Hz 
frequency band), even for as little as 30-minutes under these experimental conditions, causes 
drowsiness and adversely affects psychomotor performance as measured by lane keeping 
performance and steering angle variability, found in all twenty volunteers. The deficits in 
performance observed in this study are comparable to performance on the York Driving 
Simulator (YDS) under alcohol intoxication (blood alcohol levels above 0.05% which 
corresponds to severe performance deficits) [109], [114] (Table 5).  
Table 7.2: Comparison of the SDLP in this study with those reported by Verster [114]. 
“This  Study” J. C Verster 
Baseline With-Vibration Baseline BAC 0.05% 
23.6 cm 26.2 cm 24.2 cm 26.1 cm 
*BAC = Blood Alcohol Concentration 
SDLP is related to the levels of drowsiness in the driver. SDLP values become larger as the 
driver becomes drowsier. As drowsiness increases, situational awareness decreases and the 
drivers’ ability to predict an upcoming event is lowered. This lead to over-compensation by 
the driver and the wheel tends to be moved frequently. The continuous variations of the 
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standard deviation of lateral position (SDLP) demonstrated low levels of alertness when 
volunteers were exposed to vibration and cause difficulties in maintaining the vehicle in the 
middle of the left-hand lane. The findings observed in this study mirror previous studies that 
have reported SDLP changes as the most common and persistent finding in sleep deprivation 
and drowsiness [113], [114]. Our results demonstrate, for the first time that exposure to 
whole-body vibration may cause psychomotor deficits under simulated driving conditions. 
The current study also found that there is an increase of steering angle variability following 
exposure to vibration. The observed increase in steering angle variability could be attributed 
to drowsiness, and the findings are consistent with previous studies [112], [167], [168]. 
Another important finding to emerge from this study is that speed deviation failed to exhibit 
any statistically significant variation between no-vibration condition and with-vibration 
condition. The present findings seem to be consistent with other research that found that a 
longitudinal measure such as speed deviation is not capable of detecting drowsiness [29]. As 
expected, results from the subjective measurement (KSS) also showed a significant decline in 
alertness level for all the volunteers following 30-minutes exposure to vibration. The increase 
in subjective sleepiness scores provides important corroborating evidence that exposure to 
30-minutes of vibration level can steadily reduce human alertness levels that are linked to 
drowsiness [169]. We also found that sleepiness levels immediately decreased after the 
vibration stopped, showing an acute improvement, albeit not down to ‘alert’ levels. 
A high correlation was observed (r > 0.9) between the objective measures (SDLP and steering 
angle variability) and the subjective measure (KSS) adding weight to the results. This study 
also confirms the association between SDLP and steering angle variability (r = 0.928; p < 0.05). 
The results demonstrated that, as drowsiness increases, there is a reduction in vehicle lateral 
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control measured by SDLP and steering angle variability. However, longitudinal control 
measured by speed deviation is found to be much less affected by drowsiness.  
Another important finding was, there was a significant increase of steering entropy index (Hp 
0.30  Hp 0.52) for all the volunteers that indicate the unpredictability and randomness of 
steering correction frequency as a result of drowsiness caused by vibration. Predictable 
steering control was employed under alert condition. However, when a driver gets distracted, 
unpredictable steering control was employed as a result of reduced attention due to 
drowsiness.  
Experiment design and procedures have been developed to replicate the actual driving 
condition. Therefore, the vibration perceived by volunteers in this study is similar to the actual 
vibration felt in the typical vehicle. An actual vehicle seat was selected to ensure good 
vibration transmissibility to the human body. The assessment and guidelines of human body 
ride comfort caused by vibration are reasonably well founded in ISO 2631-1 (1997) 
International Standard [13]. Following that, the relevant weighting factor has been 
established to represent the human perception of vibration. Although the guidelines for 
health effect due to exposure to vibration are well documented, there is little quantitative 
research data available on the influences of vibration on seated human drowsiness. In many 
studies, the relationship between vibration and drowsiness has been assumed without 
supporting research [75]. This study demonstrates a link between exposure to vibration and 
drowsiness, at least under these experimental conditions.  
Therefore, it is imperative to characterize further this association under combined noise and 
vibration conditions that more closely resemble driving and to identify the component of 
noise and vibration that are most responsible for the decline in driver alertness.  
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More advanced vibration simulator with independent actuators may further improve the 
multi-axial quality of input vibration. Moreover, this work does not consider the vibration 
frequency range above 15 Hz. This limited frequency band is selected to improve the quality 
of drowsiness-inducing vibration and focus on a narrow frequency band. Furthermore. 
Several studies also have suggested that vehicle seat’s resonance frequency and 
corresponding mode shapes occur at a frequency above 15 Hz [31].  Therefore the frequency 
of vibration limited to 1- 15 Hz in this study to ensure that there is no interaction of vehicle 
seat’s dynamics (resonance frequency and corresponding mode shapes) with the total 
transmitted vibration to human body measured from seat pan and seat backrest.  
Although the exposure time was only 20-minutes, however, findings from the current study 
demonstrated that constant exposure to the only vibration has considerable influence on 
seated occupant alertness level. The findings observed in this study mirror those of the 
previous studies that have examined the effect of short-term exposure to whole-body 
vibration on wakefulness level [46], [47]. Moreover, this study does not include female 
participant. It would be beneficial to conduct a similar study on group of female volunteers 
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7.9. Conclusion 
The novel contribution of this study is the characterization the role of vibration on occupant 
drowsiness. Our findings have identified vibration as an important source of driver 
drowsiness. The evidence from this study clearly demonstrates that exposure to low-
frequency random vibration between 1 -15 Hz has considerable influence on subjective 
sleepiness levels, and more importantly, human psychomotor performance and lapse of 
attention. Exposure to vibration significantly impacts lane keeping performance of the driver 
(SDLP). Our findings show a low transmitted vibration at 0.2 ms-2 r.m.s. Increased SDLP by 11% 
which is comparable to SDLP under the influence of alcohol (BAC .05%). These data suggest 
that SDLP and steering angle variability are reliable measures of driving performance with 
high reliability. KSS also showed utility as a sensitive measure of vibration-induced 
drowsiness. These data provide tantalising evidence that should prompt further research in 
this area. Such research would ultimately lead to the development of relevant and practical 
guidelines to limit vibration exposure in the automotive industry, in an effort to reduce the 
burden of disease of road accidents. These guidelines will complement the existing ISO 2631-
1 (effects of vibration on comfort) to extend these guidelines in assessment and 
establishment of thresholds and safe limits for drowsiness-inducing vibration 
 
 
Part of this chapter has been presented in the following journal: 
Amzar, M., Fard, M., Azari, M., Jazar, R., (2015). Effects of Vibration on Occupant Driving 
Performance under Simulated Driving Conditions, Applied Ergonomics Journal. 
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Chapter 8 
Conclusion and Recommended Future 
Works 
 
his thesis presented a comprehensive study of characterizing the influence of 
vibration on seated human drowsiness level. The novel contribution of this study 
is characterizing the role of vibration, which our findings have identified, exposure 
to low-frequency vibration between 1 – 15 Hz as an important source of seated occupant 
drowsiness and psychomotor function. The investigation of vibration undertaken here has 
extended our knowledge of drowsiness-inducing vibration that can be implemented into real 
world application. 
Returning to the objectives posed at the beginning of this study, it is now possible to state 
that there is a significant relationship between drowsiness and exposure to vibration. The 
investigation of drowsiness level measured by EEG on brainwave has shown a substantial 
decrease in beta activity and an increase in theta activity at frontal cortex following exposure 
to vibration. The study has confirmed the findings of Borghini et al. which found that decrease 
in beta and increase in theta activity may reflect the alertness level of human [7]. The 
evidence from this study suggested that the exposure to low-frequency vibration between 1 
T
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– 15 Hz for 20-minutes may ultimately lead to a decrease in alertness level. However, the 
effect was more pronounced in Sinusoidal (Harmonic) vibration as compared to Random 
(Gaussian) vibration. Our findings from EEG measurement are consistent with works done by 
Landstrom et al. [50] 
Moreover, the effect of vibration on psychomotor function is clearly supported by the findings 
measured by the reaction time test (PVT). Clinically significant results (p ≤ 0.0001) of human 
reaction time were obtained using 10-minutes PVT test. The significant increase in a number 
of lapses (RT > 500 ms) and a substantial increase in mean reaction time (12% in 0.2 ms-2 r.m.s. 
and 27% in 0.4 ms-2 r.m.s.) were the manifestation of drowsiness as the result of exposure to 
vibration. The current findings from this study add to a growing body of literature on the 
psychomotor deficit. 
The third major finding was that the exposure to vibration significantly impacts the lane 
keeping performance (SDLP) and steering angle variability of the driver measured by driving 
simulator software. Finding shows a low transmitted vibration 0.2 ms-2 r.m.s between 1 – 15 
Hz increased SDLP by 11 % which is comparable to SDLP under the influence of alcohol (BAC 
0.05%) [121]. A significant increase of steering angle variability can be observed following 
exposure to vibration that indicates the reduction of alertness level. It was interesting to note 
that, no significant difference were detected in speed deviation index following exposure to 
vibration. The finding is consistent with current literature that indicates longitudinal measure 
such as speed deviation is incapable to detect drowsiness [29]. In addition, the onset of 
drowsiness measured by subjective sleepiness scale or KSS was highly correlated (r > 0.9) with 
SDLP and steering angle variability. A positive correlation indicates that impairment in SDLP 
and steering angle variability were related to subjective self-reported sleepiness. The effect 
of vibration on occupant driving performance was also quantified by steering entropy index. 
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A significant increase of steering entropy index (Hp 0.30  Hp 0.52) for all the volunteers 
indicate the unpredictability and randomness of steering correction frequency as a result of 
drowsiness caused by vibration. The research has shown that situational awareness of driver 
was affected following exposure to vibration that may lead to poor judgement in controlling 
the vehicle.  
Whilst this study did not characterize in details the vibration parameters (frequency, 
amplitude, and exposure time), it did partially substantiate the effect vibration on drowsiness 
and psychomotor functions. The presents study confirm previous findings by Satou et al. and 
contributes additional evidence that suggests the role of vibration in promoting drowsiness 
[49]. Although there are several methods of drowsiness detection that are used in the context 
of driving, none of these methods identify or quantify the stressors that cause drowsiness. 
One of these stressors is highly likely to be vehicle vibration. Hence, this study provided the 
knowledge and the tools to monitor both the stressor (vibration) and the response 
(drowsiness) to characterize the relationship between the cause and the effect. In addition, it 
will allow us to assess and enhance drowsiness detection methods that identify vibration 
parameters as a cause of drowsiness. This research will serve as a base for future studies and 
would have the strong potential of translation into automotive, rail, aerospace and other 
industry standards. 
Current ISO 2631-1 (1997) International Standards [13], or its equivalent Australian 
Standards, AS 2670.1 (2001) [14], and British Standards [15], human exposure to whole-body 
vibration standards contain extensive detailed guidelines (and indexing for equivalent 
comfort contour) for human comfort and musculoskeletal drowsiness/injury. However, they 
lack a critical and specific domain for vibration-induced drowsiness that is an important 
contributor to road accidents. This research, for the first time, generates the knowledge 
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needed to further research in indexing drowsiness in terms of vibration characteristics 
(vibration type, frequency, amplitude, and exposure time) and also to assist in expanding the 
current ISO International Standards and Australian standards.  
A critical aspect of investigating the effects of vibration on driver drowsiness is the detailed 
quantification of transmission of vibration from the vehicle seat to the human body. The 
analysis of drowsiness-inducing vibration undertaken here has extended our knowledge of 
the accuracy of this vibration transmission to the seated human body from the seatback and 
the seat cushion. This innovation will allow much more rigorous monitoring of vibration 
transmission and validation of other measurement methods used in this application, thereby 
generating more valid data and further advance knowledge in this field. The present study 
also makes several noteworthy contributions for future study that can assist in developing an 
“Equivalent Drowsiness Contour” in ISO 2631-1 (1997) International Standards. 
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8.1 Limitation of Study and Recommendations for Further Research Work 
Although the study has successfully demonstrated that exposure to vibration has a significant 
effect on human drowsiness level, it has certain limitation in terms of: 
a) Test sample (Human participant) 
The main weakness of this study was the paucity of the test sample. The current study has 
only examined approximately twenty young male volunteers for each method. It would be 
beneficial to compare the difference and inter-volunteers variability between male and 
female participant. It is also recommended that future research needs to examine more 
closely the links between human sleeping disorder (Excessive Daytime Sleepiness-EDS, 
Obstructive Sleep Apnea-OSA) and response to vibration. 
b) Environmental factors 
Although the current study is based on a small sample of participants, the findings suggest 
the important role of vibration in promoting drowsiness. However, the study was not 
specifically designed to evaluate environmental factors such as noise and temperature that 
may contribute to the drowsiness level. It will be beneficial to quantify the association 
between combined noise and vibration. Considerably more work will need to be done to 
determine the significant contribution of each factor. It is suggested that the association of 
these factors is investigated in future studies. 
c) Experiment setup 
Transmitted vibration (x, y, z) to human body were measured from the interface between 
seated occupant and seat supporting surface (seat cushion and seat back). It is recommended 
that rotational vibration for the vehicle seat be included in the measurement. A further study 
could also assess the long-term effect of exposure to vibration. The current study has only 
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examined the frequency band between 1- 15 Hz. Future research should, therefore, include 
detail characterization of vibration parameters (frequency, amplitude and exposure time) to 
compliment the current ISO International Standards. 
d) Biodynamic response of human body 
Although the development of the human model is challenging due to the non-linear response 
of the human body under vibration excitation, the correlations between vibration-induced 
drowsiness and the biodynamic responses of seated human body (mainly the head-neck 
complex) have several practical application. More information on biodynamic response would 
help us to establish a greater degree of accuracy in developing an equivalent drowsiness 
contour.  
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1.0 Participation Form 
 
INVITATION TO PARTICIPATE IN A RESEARCH PROJECT 
 
PARTICIPANT INFORMATION  
Project Title  :   The Influence of Vibration on the Seated Occupant Discomfort and 
        Fatigue 
Investigators  :  1. Associate Professor Mohammad Fard 
      2. Mohd Amzar Azizan 
     
Dear Participant 
You are invited to participate in a research project being conducted in Structural Lab (Building 
252) by School of Aerospace, Mechanical and Manufacturing Engineering at RMIT University. 
The project is to investigate the influence of vibration in ride comfort criteria in regards to 
human performance and fatigue. To do this, we have built a ride simulator that can expose 
the participant to realistic ride motions in one or more directions at one time. The system has 
been designed to meet straight safety requirements such as it cannot expose volunteers to 
motion which are known to cause injury. Please read this sheet carefully and be confident 
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that you understand its contents before deciding whether to participate. However you have 
the right not to participate or involve in the assessment test. If you have any questions about 
the project, please ask one of the investigators.  
Who is involved in this research project? Why is it being conducted?  
The research is being conducted as part of student project at RMIT University. The research 
will be conduct by RMIT research students (undergraduates and postgraduates) under 
supervision of A/P Mohammad Fard, senior lecturer and program director for Bachelor of 
Automotive Engineering at RMIT University. 
The research project has been approved by RMIT Human Research Ethics Committee. 
Why have you been approached?  
The participants are randomly selected and have no health problems 
What is the project about? What are the questions being addressed?  
The research focuses on the in-depth analysis of the interactions between seated human body 
and performance when exposing to different axis of vibrations while operating a ride 
simulator. This experiment is to stimulate the real situation that human might encounter 
while operating the vehicle. The project also to quantify the effect of vibrations on mental 
fatigue by monitoring the degradation of human performance using approved software. In 
order to achieve the objective, 20 healthy RMIT students will be selected in this research 
project. 
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If I agree to participate, what will I be required to do?  
You will be required to get onto the Human Vibration test  setup, take a seat, fasten a seatbelt 
and assume a comfortable position as you would driving a vehicle (assuming the most 
comfortable posture). Please refer to figure 1 for the setup of the experiment. In this test you 
will be exposed to vibration level below 80 Hz for the duration of 1 hour and it is well below 
the risk level. You must however, keep your seatbelt fastened at all times. During the test you 
will be in continuous two-way communication with the test conductor. The 1 hour test will 
be divided into two segments of driving and reaction time test which is 10-minutes for each 
segment. Any changes in parameters will be measured by the investigator as an error. 
After first segment of driving or reaction time test, you will be exposed to vibration for 30 
minutes. You are required to sit properly and limit any physical movements. No verbal 
communication is allowed. During this segment, you are asked to rate your Subjective 
sleepiness level according to Karolinska sleepiness scale. Following up this segment, you are 
required to complete another driving test or reaction time test for another 10-minutes. The 
test is successful when you completing this segment 
 
Figure 1: Human vibration test setup 
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What are the possible risks or disadvantages?  
There is no perceive disadvantage to participants, however there might be some risks. The 
risks associate with this experiment has been assessed and actioned to prevent the hazard. 
The risk assessment and risk control plan is shown in the table below. 
Hazard Risk Risk Score Risk Control 
Compressed air 
is used to fill 
airbags which 
support the 
test table. 
Incorrect operation 
could result in blow 
outs Moderate 
Air system fitted with regulators and 
valves. Installed safety stops to prevent 
table resting on airbags to help 
minimise premature failure. 
Hydraulic 
power shaker is 
used 
Violent high energy 
movement may 
result in a 
combination of 
outcomes. 
Substantial 
MTS control has built in limiting trips 
that help prevent undesirable 
operation. Safety stops installed to 
prevent the table from excessive 
movement. 
Climbing onto 
the test table 
and sitting in 
ride simulator 
Falling due to 
awkward climbing 
High 
Hand rail and access steps/platforms 
designed and installed in accordance 
with Australia Standard. 
Falling from the 
test table 
platform 
Falling from test 
table resulting in 
varying range of 
outcomes 
High 
Guard rails installed. Safety belt fitted 
to prevent people falling from the 
platforms. 
 
What are the benefits associated with participation?  
There is no known benefit to participants.  
What will happen to the information I provide?  
 The data we collect may contain personal information about you which are weight, age and 
height, however, please note that any information that identified the students or participant 
will not be published.   
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 The intention for the use of the data is for academics; this might include presentation at 
conferences, publications, and student these.  Your name will not be used or disclosure to 
public or in any report. All information from participants will not be identifiable. The research 
data will be kept securely at RMIT for 5 years after publication, before being destroyed.  
What are my rights as a participant?  
 The right to withdraw from participation at any time 
 The right to request that any recording cease  
 The right to have any unprocessed data withdrawn and destroyed, provided it can be reliably 
identified, and provided that so doing does not increase the risk for the participant.  
 The right to have any questions answered at any time.  
 You have the option at any time and for any reason to terminate the test in any of two ways. 
(1) By pressing underneath button labelled ‘Stop’, (2) by voice communication with the test 
conductor 
Whom should I contact if I have any questions?  
1. Associate Professor Mohammad Fard 
Senior Lecturer, RMIT 
2. Mohd Amzar Azizan 
PhD candidate 
Yours sincerely 
……………………….. 
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All researchers must sign the information sheet, with his/her qualification/s listed below 
each name.  
 
If you have any complaints about your participation in this project  please see the complaints 
procedure on the Complaints with respect to participation in research at RMIT page 
 
 
-----------------------------------------------------------------------------------------------------  
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2.0 Consent Form 
1. I have had the project explained to me, and I have read the information sheet  
2. I agree to participate in the research project as described 
3. I agree: 
To undertake the tests or procedures outlined above 
To complete a questionnaire 
4. I acknowledge that: 
(a) I understand that my participation is voluntary and that I am free to withdraw from the project 
at any time and to withdraw any unprocessed data previously supplied  
(b) The project is for the purpose of research.  It may not be of direct benefit to me. 
(c) The privacy of the personal information I provide will be safeguarded and only disclosed 
where I have consented to the disclosure or as required by law.  
(d) The security of the research data will be protected during and after completion of the study.  
The data collected during the study may be published, and a report of the project outcomes 
will be provided to RMIT University as a PhD theses. Any information which will identify me 
will not be used 
Participant’s Consent 
_________________________________   
Participant’s Name (Printed)     
_________________________________      
  
Participant’s signature           Date 
Participants should be given a photocopy of this PICF after it has been signed. 
 
 
